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Abstract

BIOMASS VALORIZATION USING DOPED OXIDES AND INVERSE CATALYSTS
Renjing Huang
Raymond J. Gorte
With the increasing demands for sustainable energy and growing concerns of
global warming, the use of biomass as a replacement for conventional petroleum has
received considerable attention. Phenolic and furanic compounds derived from biomass
could potentially serve as platform molecules with valuable chemical structures.
However, the technologies to upgrade and utilize such molecules are still under
development. This thesis aims to study the capabilities of oxides doped with metal-atom
catalysts and metal-oxide, inverse catalysts to transform biomass platform molecules into
useful chemicals, such as fuel, surfactant, and lubricants. Firstly, NbOx on Pt was found
to be extremely active, selective, and stable for the direct deoxygenation of m-cresol, a
model compound for phenolics. The metal-oxide overlayer was found to be the active site
for the reaction while Pt itself hydrogenated the aromatic ring. This well-defined inverse
catalyst structure was prepared by strong metal-support interactions (SMSI). To provide
the H2 economically for the deoxygenation process, different oxides doped with isolated
Co atoms were investigated for the dehydrogenation of ethane to ethylene. Atomic layer
deposition (ALD) was shown to be able to synthesize the single atom structure readily,
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which is the active site for dehydrogenation. Lastly, aldol condensation of furfural, a
furanic model compound, was investigated over the solid-base catalyst, CaO, to increase
the carbon chain length. It was found that the aldol condensation rates are high when
small ketones were used as the reactants. When larger ketones were used, the Cannizaro
reactions could override the aldol condensation and lower the selectivity of furfural to
high carbon products. The contributions from these studies should help develop catalytic
processes for biomass valorization.
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Chapter 1.

Introduction

1.1 Background of Biomass
As reported by the International Energy Agency, fossil fuels, including coal,
crude oil, and natural gas, provided 81% of the world’s energy in 2019. [1] At the same
time, the total energy consumption in the world increased 20% from 2009 to 2019. The
extensive consumption of fossil fuels brings a lot of concerns for increasing levels of CO2
and hence, global warming, which is threatening all living organisms on the Earth. At the
same time, the depletion of fossil fuels also raises social issues such as energy crisis and
chemical feedstocks. For example, 12% of the global oil demand serves as the raw
materials for petrochemical products, such as plastic packaging, fertilizers, synthetic
rubbers, and laundry detergents. [2][3] The concerns regarding fossil-fuel-based energy
and chemical feedstocks have steered our society towards other sustainable and
renewable replacements. Biomass, which includes biological raw materials such as wood
and agricultural residues, could be a potential candidate to solve the problems mentioned
above. The accessible amount of biomass can be up to 108 Gtoe each year, which is
almost 10 times the world’s current energy requirement. [4]
The first-generation biomass-derived products, e.g. bioethanol and biodiesel, are
produced directly from food crops via fermentation of sugar and starch, and via
transesterification of vegetable oils and fats, respectively. [5,6] This approach uses edible
biomass as the raw materials and raises the price of foods, such as vegetable oil, corn,
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and sugarcane. To avoid aggravating the world hunger problem, the second-generation
biomass-derived products, obtained from inedible lignocellulosic biomass, were
introduced. Examples of inedible biomass include, but are not limited to, agricultural
residues (cane bagasse, corn stover, rice straw), forest residue, sawdust, and food wastes.
Compared with other renewable energy sources, such as hydropower, geothermal,
wind, and solar energy, biomass-derived energy could exist as a liquified fuel similar to
petroleum, which makes the storage and utilization more accessible with less effort to
upgrade the current facilities. Moreover, the techniques for biomass valuation could be
used on making renewable and sustainable chemicals that were previously derived from
petroleum. The work in this thesis mainly focuses on upgrading biomass, transforming it
into valuable fuels and chemicals.

1.2 Background of Lignocellulose
Lignocellulosic biomass is the most abundant renewable organic component on
the earth and is produced at a global rate of 1.3 billion tons per year. [7] This type of
biomass comes from the non-edible parts of the plants, which can be used as the raw
materials for renewable fuels and chemicals without directly competing with food
production.
Depending on the plant species, lignocellulosic biomass typically consists of 40 to
50% cellulose, 25 to 30% hemicellulose, and 15 to 20% lignin by weight. [8,9] As shown
in Figure 1.1, cellulose is a linear polysaccharide of several thousand glucose molecules.
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The hydrogen bonds and Van der Waal interactions make the cellulose chains into highly
crystallized structures, forming microfibrils. [10] Hemicellulose is an amorphous
heteropolysaccharide made up of pentoses, hexoses, and sugar acid, which could be
linear or branched. Lignin is an amorphous and rigid polyaromatic compound made up of
three phenylpropanoid monomers including coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol. [11] Lignin provides rigidity and compactness to the plant cell wall
through the covalent bond with hemicellulose.

Figure 1.1 Structure of lignocellulosic biomass with cellulose, hemicellulose, and lignin.
Reprinted with permission from [10].
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1.3 Primary Upgrades of Lignocellulosic Biomass
Different technologies have been developed to convert biomass into different
kinds of fuels and chemicals. The techniques could be classified into thermochemical and
biochemical processes. [12] Thermochemical processes include gasification, pyrolysis,
and liquefaction. Biochemical processes utilized the bacteria to convert wet biomass like
fermentation and anaerobic digestion.

Figure 1.2 Technologies for primary upgrading of lignocellulosic biomass. Reprinted
with permission from [13].

Figure 1.2 shows the thermochemical processes that are mostly developed.
Gasification is a simple and mature technology for converting biomass into syngas
containing mainly H2, CO, and CH4. [14] The reaction temperature is high (> 700°C)
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with a controlled amount of oxygen and/or steam co-feeding. [15] Syngas can be
upgraded into long-chain hydrocarbon fuels and chemicals by established technologies
such as the Fischer-Tropsch process and direct dimethyl ether synthesis. Although the
technique is simple and robust, the gasification process is energy-intensive since high
temperatures are required to break the C-C and C-O bonds. Moreover, the potentially
useful structures and functional groups of biomass are fully destroyed.
Pyrolysis is the thermal decomposition of biomass in the absence of oxygen and
other oxidants, which can be viewed as the non-oxidizing version of gasification.
Depending on the desired product distribution, the lignocellulosic biomass could be
decomposed by either slow or fast pyrolysis. [16] Slow pyrolysis mainly produces solid
products, namely biochar; while fast pyrolysis could produce 60 to75 wt% liquid bio-oils,
that in turn could be converted to fuels and chemicals more readily and economically
compared to biochar and syngas. [17] The bio-oils contain hundreds of different
chemicals and have to be purified and upgraded.
The third approach is liquid-phase reforming that consists of multiple steps to
convert lignocellulosic biomass into useful and selective chemicals. [13] These steps
normally use low reaction temperatures to keep the chemical structures intact. For
example, hydrolysis below 200 °C is combined in the steps to deconstruct the cellulose
and hemicellulose to the monomers, pentoses (e.g., xylose) and hexoses (e.g., glucose).
[18] The sugar molecules can be upgraded to other chemicals, such as furfural and 5hydroxymethylfurfural (HMF). [19,20] The lignin fraction can be separated and
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decomposed to aromatic compounds by depolymerization of the lignin after separating
the sugar molecules. Different catalysts can be used to perform such tasks. [19,20] The
aromatic compounds can be further developed to value-added fuels and aromatic
chemicals.
Among the various upgrading technologies mentioned in Figure 1.2, the liquidphase reforming, followed by depolymerization, and post-upgrading, could be the most
appealing route for producing renewable fuels and chemicals. Although gasification and
pyrolysis can convert biomass into products in one step without fractionation, the
chemical structure of biomass molecules could not remain in such processes, which could
serve as a functional group for further upgrading to more valuable products. For example,
the aldehyde group and double bonds could be used for additional reaction to make biolubricants and bio-surfactant. [21,22] The aromatic ring from the lignin fraction has high
octane number and could make products that are excellent fuel candidates. [23]
The products from the liquid-phase reforming, though having potential for
making platform chemicals, must be upgraded before the final applications. For example,
the oxygen-containing functional groups of the molecules need to be removed before
serving as a biofuel due to the excess amount of oxygen atoms. Another example would
be using the functional group as a linker to construct larger molecules since the platform
chemicals are in the range of 5 to 7 carbon atoms. The length of the carbon chain has to
be increased to be useful as diesel oil (C8-C15) or lubricating oil (C20-C30) [24,25].
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1.4 Upgrades of Biomass Model Compounds
The previous section discussed routes to upgrade biomass, and liquid-phase
reforming turns out to be the most promising one to obtain renewable fuels and chemicals
in terms of energy efficiency and structural stability. This section will discuss the
methods to take the functionalities of the chemicals from the liquid-phase reforming and
produce more valuable products.

1.4.1 C-O bond scission
The need to lower the oxygen content partially or completely is of great
importance since the high O/C ratio results in a low bulk energy density and low
chemical stability of the products. [26] There are two types of reactions to decrease the
oxygen content: decarbonylation/decarboxylation (DCO) and hydrodeoxygenation
(HDO). DCO reactions, which cleave the C-C bond next to the carbonyl or carboxyl
group, cause the loss of carbon atoms while removing the oxygen atoms. The shorter
carbon chain lowers the energy content in the fuels. By contrast, HDO selectively
removes the oxygen atom by breaking C-O/C=O bonds without losing any carbon atoms;
however, there costs for using H2 should be minimized.

1.4.1.2 HDO of Linear Chain Oxygenates
In the products of pyrolysis and liquid-phase reforming, there are many linear
oxygenates, such as organic acids and ketones. For example, the US Department of
Energy has listed levulinic acid as one of the top 12 most promising platform molecules
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derived from biomass. [27] Another example would be the fatty acids produced from
non-edible vegetable oils.
The mechanism of the HDO is as the following: C=O bond hydrogenation
followed by the C–O bond rupture. [28,29] The C=O bond hydrogenation of acyl
intermediates produce the alcohol, while the C-C bond cleavage leads to the formation of
adsorbed C-O and hydrocarbon moieties, which are later hydrogenated to methane and
Cn-1 alkanes. The selectivity of HDO compared to DCO is determined by the nature of the
feedstocks and the types of catalysts.
The most commonly used HDO catalysts are noble metals and sulfided alloys.
[30] Sulfided CoMo/Al2O3 and NiMo/Al2O3 are widely used for hydrodeoxygenation.
However, the product stream contains sulfur-contaminated products and sulfur has to be
co-fed to keep these sulfided catalysts active. Hence, they are not favorable for
hydrodeoxygenation. Noble metals work pretty well for the HDO reaction due to their
excellent hydrogenation activity, but they are expensive and may not be appropriate for
mass production. [31] Recently, many studies focused on transition metal carbide (TMC)
catalysts, which show excellent C–O/C=O bond cleavage selectivity. W2C and Mo2C
have been shown to perform selective HDO on different linear chain oxygenates, such as
acrylic acid, acetone, isopropanol, oleic acid, stearic acid and vegetable oils. [28,32,33]
The drawback of TMCs is that they deactivate relatively easily in the presence of water, a
by-product of hydrodeoxygenation, forming metal oxides from metal carbides.
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1.4.1.3 HDO of Ring-Containing Oxygenates
The products from the primary upgrading of biomass also contain many ringcontaining oxygenates other than linear carbon chains. The ring-containing oxygenates
can be classified into furanics and phenolics, which are produced from polysaccharides
and lignin respectively.
2-Hydroxylmethylfurfural (HMF) is one of the most commonly studied model
compounds for furanics, since it can be obtained from the dehydration of glucose and
fructose. [34] The mechanism of the HDO of HMF is similar to the linear chain
oxygenates: the C=O bond needs to be hydrogenated to C-O and the C-O bond undergoes
dehydration. [35]
Previous work has shown that good hydrogenation metal catalysts (Pt, Pd, Ir, Ru,
Ni, and Co) could be used to perform HDO of HMF to 2,5-dimethylfuran (DMF). [35]
However, DMF could undergo hydrogenation or ring-opening reactions, forming lessdesired products. The highest yield of DMF was around 50% on these catalysts, with the
rest going to undesired products, typically by the subsequent further reaction of DMF.
Bimetallic alloys were later proposed and demonstrated to have higher selectivity to
DMF by suppressing the reaction from DMF to other products. For example, CuCrO4 and
CuRu/C showed 61% and 71% yield for DMF respectively. [36] PdAu/C could reach a
96% yield for DMF [37]. Pt-Co was reported to have a DMF yield as high as 98%. [38]
Alloying a second metal into Pt was demonstrated as a useful strategy to produce
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selective catalysts for HDO of DMF, with Pt-Ni, Pt-Cu, and Pt-Zn all showing high
selectivity. [39]
Different mechanisms for inhibiting the ring hydrogenation and ring-opening
have been proposed. In the Pt-Co bimetallic catalysts, the second metal oxide CoOx is
reported to form a metal oxide overlayer on the hydrogenating metal, preventing the
over-hydrogenation and ring-opening. [38] It has also been reported that the oxophilicity
of Fe in Ni-Fe catalysts leads to a more stable η2-(C,O) surface species. This species is
more favorable for doing hydrogenation of the C=O bond since the O atom is lying down
on the surface.
Phenol and cresols, on the other hand, are the most studied model compounds for
phenolics, which are mainly derived from the depolymerization of the lignin portion in
biomass. The main challenge of C-O scission of the lignin-derived molecules is that the
high dissociation energy of Caromatic-OH makes this bond difficult to break. As shown in
Table 1.1, the C-O bond attached to the aromatic ring (Ar-OH) is 83 kJ/mol higher than
the C-O bond attached to aliphatic carbon (R-OH). Ar-OH is the bond to cut in phenolic
compounds, while R-OH is the one to cut in linear-chain oxygenates and furanic
compounds. The C(sp2)-O conjugations give this high Ar-OH bond strength, where
hydrogenation of aromatic ring is required sometimes to convert Ar-OH to R-OH for the
C-O bond scission.
Table 1.1 Bond dissociation energies (kJ/mol). [40]
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RO-R

339

RO–Ar

422

R–OH

385

Ar–OH

468

Since they are catalysts for petroleum hydroprocessing, metal sulfides such as
MoS2, CoMoS, and NiMoS have also been studied as the catalysts for HDO of biomass
as early as in the 1980s. [41,42] The sulfur vacancies are the active sites for the HDO
reaction, which can act as acidic sites and promote adsorption. [43] However, sulfur is
almost absent in biomass, so that the sulfur atoms of the metal sulfides will be lost into
the product stream as the HDO reaction occurs. This not only causes severe deactivation
of the catalysts but also pollutes the product with sulfur.
Noble metals, such as Pt and Pd, have also been studied for the HDO reaction of
phenolic compounds. These metal catalysts are well-known for their good hydrogenation
ability. The hydrogenation of the benzene ring to cyclohexane ring could largely reduce
the C-O bond strength, which could be cut later by dehydration on Pt or the acidic
supports. [44–46] As shown in Figure 1.3 (a), one possible mechanism involves
hydrogenation of the aromatic ring before the C-O bond scission. Tautomerization
pathway was also proposed on the Pt/SiO2 as shown in Figure 1.3 (b). [47] Although
Group 10 metals supported on acidic supports have been shown to be active for HDO
reactions, their performances are not ideal: 1) H2 is wasted to hydrogenate the aromatic
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ring in addition to removing the C-O bond; 2) the aromatic ring has strong interaction
with the metals, leading to severe coking issues.

Figure 1.3 Different mechanisms proposed for the HDO reaction of m-cresol. (a) Direct
deoxygenation (DDO) and hydrogenation/deoxygenation (HYD). (b) tautomerization
route. Reprinted with permission from [47].

To address the issues of monometallic catalysts, a secondary, more oxophilic
metal is sometimes incorporated into the group 10 metal. Some examples of oxophilic
metals that have been consider are Fe [48,49], Cu [50], Mo [44], Zn [51]. A possible
mechanism with these metal alloys is shown in Figure 1.4: the dehydrogenating sites
(group 10 metals) help dissociate H2, while the secondary oxophilic metal strongly binds
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to the oxygen atom of the phenolic compounds, allowing easier C-O scission due to
intimate contact. Moreover, this binding configuration tilts the aromatic ring from the
surface, not only hindering the ring hydrogenation but also preventing coking by
avoiding having the rings lie down on the Pt surfaces. [51,52] The overall HDO
mechanism could be hydrogenation/deoxygenation (HYD) or tautomerization, depending
on the oxophilicity of the secondary metal. [44]

Figure 1.4 Hypothesized interaction of aromatic oxygenates with bimetallic catalysts.
Reprinted with permission from [53].

Metal oxides are also promotors for the noble metal catalysts; for example, WOx
[54,55], NbOx [56–58], TiOx [56–58] have all been shown to promote the
hydrodeoxygenation of cresols. The mechanism of these metal oxide-metal combinations
was proposed to be the following: the metal oxide overlayer is partially reduced by the
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group 10 metals lying beneath, forming oxygen vacancies as the active sites for the
selective hydrodeoxygenation of the cresols. The hydroxyl oxygen atom of the cresols
then bonds to the oxygen-vacancy sites, with the aromatic ring tilted from the surface.
This configuration can help break the C-O bond while limiting ring hydrogenation. [59]
The mechanism proposed here is associated with direct deoxygenation (DDO), where no
ring hydrogenation is required. As a result, the reaction temperature is normally 50 to 100
K higher than the HYD or tautomerization.

1.4.2 C-C bond formation
The need to increase the carbon chain length of biomass platform molecules is of
great importance. Biomass platform molecules normally have carbon numbers around 5
to 7, which is not long enough to replace petroleum-derived oils, such as jet fuel (C8C16), diesel fuel (C9-C22), and lubricant base oil (C20-C50). [60] Different C-C
coupling reactions could occur under suitable working conditions due to the reactive
functional groups that appear on platform molecules. These functional groups are double
bonds, hydroxy groups, and carbonyl groups. Among the reported C-C coupling
strategies are hydroxyalkylation/alkylation (HAA) [61,62], acylation [63,64], conjugate
addition [65], aldol condensation [66–68], benzoin condensation [69,70], and
ketonization [71]. After C-C coupling, hydrodeoxygenation could be applied to remove
undesired oxygen atoms and produce fuels and lubricants. Alternatively, a sulfonation
step could add a sulfate group to the C-C coupling products, and this product could then
be used as biomass-based, oleo-furan surfactants. [63]
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HAA could use solid acids besides homogenous acids as the catalysts and can be
performed under mild temperature (< 100°C). Acylation has been performed using solid
acids as the catalyst and carboxylic acids as the reactants, the reaction temperature is
usually high above 300°C to break the C-O bond of the carboxylic function group.
Anhydrides could be used as the reactants as well, with the benefit being a lower reaction
temperature. [72] Conjugate addition is also performed using the same catalysts and
reaction conditions as the HAA. Aldol condensation normally uses homogenous base
catalysts and is performed under mild conditions (< 100°C). The benzoin condensation
requires homogenous N-heterocyclic carbenes as catalysts, but the reusability of the
catalyst as well as the purification of the products remain as a problem. Ketonization of
carboxylic acid uses solid bases as the catalyst and is performed at high reaction
temperatures, usually above 300°C to break the C-O bond of carboxylic acid.

1.4.2.1 Aldol Condensation
Aldol condensation involves aldol addition, followed by dehydration. In the
presence of base catalysts, the ketone enolate attaches to the aldehyde, forming βhydroxy ketone. Sugar-derived platform molecules, such as furfural and HMF, are
aldehydes that could be used in this reaction. Since these furanic compounds do not
possess α-hydrogen atoms on their carbonyl groups, they cannot act as the ketone and
undergo self-aldol condensation. Biomass-derived ketones could be used as the ketone
part for this reaction. [71]
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Sodium hydroxide is a widely used homogenous basic catalysts for aldol
condensation of furfurals. For example, Fakhfakh et.al used acetone as the linking
molecule and obtained C8 and C13 molecules. [73] Norton et.al used 12-tricosanone to
react with furfural, forming C-28 and C-33 molecules. [22] Nevertheless, the use of such
catalysts has many disadvantages. Homogenous bases are corrosive, difficult to separate
from the products, and produce wastes from neutralization of the reaction mixture. To
minimize these drawbacks, Mg-Al, Mg-Zr mixed oxides [74,75] and hydrotalcites
[76,77], MgO [78], CaO [55,79], known as solid bases, have been investigated. Aldol
condensation reactions can also catalyzed by acids. Different solid acids including
Nafion, Amberlyst-15, and ZSM-5 were tested in aldol condensations; but the selectivity
to the desired condensation adducts is rather low due to the formation of humins. [80]
The mechanism of aldol condensation on solid base catalysts is similar to what
happens in homogenous bases, where the α-proton of the ketones needs to be abstracted.
The reaction pathway of furfural and cyclopentanone is shown in Figure 1.5. [81] The αproton of cyclopentanone (CPO) is abstracted forming a carbanion that can attack the
carbonyl group of the furfural molecules adsorbed nearby. This forms the β–hydroxyl
ketone, C10-OH, that can dehydrate because of the presence of acid sites, resulting in the
C10 aldol condensation products. In the same way, the C15 molecule is obtained by the
abstraction of an α-proton of the C10 molecule, forming a carbanion that attacks the
carbonyl group of another furfural molecule. The acetone-furfural aldol condensation has
a similar reaction scheme with a much faster dehydration rate. [82]

16

The reaction order is reported to be first order in the ketones and zeroth order in
the furfural. [81,82] This means that the reaction rates depend on the concentration of
species that could abstract an α-proton. In another words, enolization is the rate-limiting
steps. In the case of CPO and furfural, no CPO self-condensation is observed, indicating
a higher affinity of the furfural with the solid base catalysts. Although acetone selfcondensation was observed, the rate is much lower than that with the furfural, indicating
the furfural has a high affinity for the surface as well. The high affinity of furfural
matches its zeroth-order kinetics, which indicates that the surface is almost saturated by
furfural molecules. [83,84]

Figure 1.5 Surface process for the furfural/cyclopentanone(CPO) aldol condensation.
Reprinted with permission from [81].
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1.4.3 H2 Production for Biomass
As discussed in Section 1.4.1 C-O bond scission, the removal of oxygen as CO
and CO2 by decarbonylation and decarboxylation reduced the yield of the fuel products,
since carbon from biomass is lost rather than remaining in the carbon chain. Hydrogen,
therefore, is required to remove the access oxygen, forming water.
The hydrogen-to-carbon ratio of hydrocarbons is used in the petroleum and coal
industry as an indicator of energy content of the fuel. [85] The higher the H:C ratio, the
higher the energy efficiency of the fuel and the lower the CO2 emissions from
combustion. [86] The oxygen atoms in the fuel will react with two hydrogen atoms,
making no contribution to the energy from combustion. The Heff/C ratio can be used to
estimate the level of oxygen and the efficiency of the fuel:

𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 /𝐶𝐶 =

𝑛𝑛(𝐻𝐻) − 2𝑛𝑛(𝑂𝑂)
𝑛𝑛(𝐶𝐶)

where n = number of atoms of each element.

As shown in Figure 1.6, biomass feedstock requires a great deal of H to remove
the oxygen for the purpose of a higher Heff:C ratio. The atom ratio in biomass is not
usually suitable for making useful fuel products.
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Figure 1.6 The effective Hydrogen to Carbon ratio ‘staircase’ for feedstocks. “H/Ceff” in
the figure should be “Heff/C”. Reprinted with permission from [85].
In most cases, H2 is used as the reducing agent for oxygen-containing biomass, as
described in Section 1.4.1 C-O bond scission In some cases, an indirect H2 source could
also be used through catalytic hydrogen-transfer reactions. One example of this uses
alcohol as the hydrogen donor. [57,87–90] The alcohol is oxidized to ketones, providing
hydrogen for the HDO reactions. However, H2 is still required to regenerate the alcohol
in another reactor and the separation of products could be a problem. An alternative way
would be reforming biomass oxygenates while performing HDO. [91–93] This approach
lowers the selectivity of biomass to useful products and increases the difficulty of making
selective HDO catalysts since the reforming could be carried out on the reactants or
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desired products, in addition to the sacrificial oxygenates. The last approach would be
conducting dehydrogenation of the solvent while performing HDO. [94] The hydrogen
provided in this a case is limited due to thermodynamic equilibrium since high pressures
are required to prevent coking.
Based on the above discussion, it would be important and necessary to find a
route to produce H2 in an efficient and economical way to provide the hydrogen donor for
biomass upgrading.

1.4.3.1 Light Alkane Dehydrogenation
Due to the large increase in the availability of light hydrocarbons from shale gas
production, there has been an increased focus on the development of new technologies to
convert light paraffins from natural gas to valuable chemicals. [95] The concentration of
light paraffins in the shale gas, such as ethane, propane, butane, isobutane, and pentanes,
could vary from 0% to 50%. [96] Light paraffins are not as valuable as light olefins,
which can be used for polymers and to produce valuable chemical intermediates. [97]
The intriguing part for this paraffins to olefins is that H2 is produced as the by-product,
which could potentially lower the H2 prices and used for biomass upgrading.
The Catalytic dehydrogenation of light alkanes can be classified into two
categories: oxidative dehydrogenation (ODH) and non-oxidative, direct dehydrogenation
(DDH). ODH has attracted intensive attention, because high conversions are
thermodynamically possible without the need for an outside energy source. Oxidants,
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including such as molecular oxygen, carbon dioxide, and nitrous oxide, are then used to
consume the hydrogen and make the dehydrogenation reaction proceed. CO2 is the most
intriguing oxidant in terms of high availability and low cost. The most extensively
studied materials for ODH are chromium-based [98–100] and gallium-based [101,102]
catalysts. However, the toxicity issues of CrOx and the severe coking behavior of GaOx
have not been solved completely. Other metal oxides, such as including V [103], Mo
[103], and Co oxides [104], have shown great potential as well. Still, the over oxidation
of hydrocarbons, resulting in lower selectivity, is a concern. It is also not suitable for H2
production as H2 is consumed by the oxidants. By contrast, DDH can avoid the issues
associated with oxidants, and this normally leads to higher selectivities compared to
ODH [105,106]. Nonetheless, the disadvantages of DDH include low single-pass
conversions that are limited by thermodynamic equilibria and heavy coking problems.
Membrane reactors to separate H2 have been applied to shift the equilibrium toward the
alkene side [107,108]. Pt-based catalysts are the most popular for DDH reactions. In
order to suppress coking-induced deactivation, Sn [109,110], Ga [111],In [112], and Zn
[113] are sometimes introduced as promoters. Nevertheless, H2 gas still must be co-fed to
prevent coking. This also has a negative effect on the thermodynamic equilibrium [111].
Additionally, Pt-based catalysts are expensive. Therefore, it is desirable to develop a
catalyst that is not only active, selective and durable for dehydrogenation, but also
economically competitive.
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1.5 Thesis Objective
Lignocellulosic biomass offers a logical and potential feedstock to replace
petroleum, and the development of suitable and economical technologies for utilizing this
feedstock has great potential. This thesis will mainly focus on the following questions
regarding upgrading biomass.
1) How do surface oxide modifiers, such as WOx, NbOx, and TiOx, affect the
hydrodeoxygenation reaction, for the purpose of removing the excess oxygen contents in
biomass?
2) Is there a simple way to prepare efficient single-atom catalysts to economically
produce H2, which could then be used in biomass upgrading?
3) How do solid-base catalysts perform in C-C coupling reactions via aldol
condensations to construct large molecules from small biomass platform molecules?

1.6 Thesis Outline
This thesis consists of 7 Chapters.
Chapter 1 provides the general background of lignocellulosic biomass and its
promising potential to serve as an alternative to petroleum and petrochemicals. Moreover,
different strategies to upgrade biomass, including C-O bond scission, C-C bond
formation, and C-H bond activation (dehydrogenation) are discussed.
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Chapter 2 summarizes the experimental techniques that are used in this thesis,
including catalyst preparation and characterization, reactor design and reaction
experiments.
Chapter 3 presents a study on the dehydrogenation of ethane to ethylene on
single-site Co (II) catalysts. Isolated Co (II) on silica was prepared by atomic layer
deposition (ALD) and its catalytic performance was investigated. This chapter aims at
understanding the dehydrogenation catalysts that could produce ethylene, a building
block for a vast range of chemicals.
Chapter 4 discusses the work on the hydrodeoxygenation (HDO) reaction of
lignin-derived m-cresol, a platform molecule in biomass, to toluene. Pt/Nb2O5 and
Pt/TiO2 were compared and Pt/Nb2O5 was shown to be much more active, selective, and
stable. The catalytic performance of NbOx and TiO2 overlayers on Pt, formed in situ by
high-temperature reduction, was investigated.
Chapter 5 discusses C-C bond formation via aldol condensation, aiming to
produce bio-lubricants and bio-surfactants from renewable feedstocks. Furfural was
coupled with different ketones and aldehydes to increase the carbon chain length. Highsurface-area CaO was used as the catalyst. Possible strategies to maximize the product
yields is discussed.
In addition to biomass reactions, this thesis also presents a study using the highpressure flow reactor as a calorimeter to measure the heat of reactions. Chapter 6 reports
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results on the heat released from high-pressure dehydrogenation of propylamine. ZrO2
was used as the stable and selective catalyst for this reaction. The heat uptakes from this
endothermic reaction could be used for cooling of engines in hypersonic aircraft.
Chapter 7 summarizes the key findings from the research in this thesis.
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Chapter 2.

Experimental Techniques

Summary
This chapter introduces the experimental techniques used in other chapters of this
dissertation. Catalysts were synthesized by incipient wetness impregnation (IMP) and
atomic layer deposition (ALD). Reactivity measurements were conducted in continuousflow reactors using both two-phase and three-phase reactions. Characterization
techniques include surface-area measurements, X-Ray Diffraction (XRD), dispersion
measurements, and temperature program desorption - thermogravimetric analysis (TPDTGA).

2.1 Sample Preparation
2.1.1 Synthesis of High-Surface-Area Support Material
MgAl2O4 powders were chosen as the support in most of my work due to their
high thermal and chemical stability and high surface area. This support material was
prepared by co-precipitation. Magnesium nitrate hexahydrate (Mg(NO3)2 · 6H2O, Sigma
Aldrich) and aluminum nitrate nonahydrate (Al(NO3)3, Sigma Aldrich) were dissolved
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together in 400 mL of distilled water, resulting in a solution of 0.15 M Al3+ and 0.075 M
Mg2+. This solution was maintained at 333 K with dropwise addition of 600 mL of a 1.5
M ammonium bicarbonate (NH4HCO3, Sigma Aldrich) solution. The resulting
precipitates were filtered, dried at 333 K, and then calcined in air in a muffle furnace at
1173 K for 12 h. To remove excess MgO or Al2O3 that may have formed, the calcined
samples were immersed in 10 mL of concentrated HNO3 (Fisher Chemical) for 3 h,
filtered, and rinsed with deionized water. After drying at 333 K, the sample was calcined
at 773 K for 3 h to remove any nitrates. The final MgAl2O4 powder had a BET surface

Intensity (a.u.)

area of ~ 150 m2/g. The XRD pattern of the synthesized MgAl2O4 is shown in Figure 2.1.
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Figure 2.1 XRD pattern of MgAl2O4 support materials
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2.1.2 Atomic Layer Deposition (ALD)
ALD is a technique widely used in semiconductor industries for thin-film
fabrication. Our lab extended the application of ALD to the synthesis of novel
heterogeneous catalysts. As shown in Figure 2.2, a typical ALD cycle consists of 4 steps:
(1) adsorption of gaseous precursor onto the surface of the substrate; (2) evacuation of
unreacted precursor and the byproducts from the sample; (3) introduction of oxidizing
reactants to remove ligands of adsorbed precursors and to regenerate new binding sites
for next ALD cycle; (4) evacuation of the unreacted reactants and the byproducts from
the sample.

Figure 2.2 Schematic of one ALD cycle in a pore structure. (a) Introduction of precursor
molecules and adsorption on the surface; (b) purge of the unreacted precursor molecules
and reaction products; (c) introduction of ligand removal reactants, which react with the
chemisorbed precursor molecules; and (d) purge of the excess reactants and reaction
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products. This schematic is an example of an ideal ALD process for TiO2 deposition
using the TiCl4/H2O system. Reprinted from ref. [114].
While these four key steps are essentially the same for all ALD systems, the
operating parameters for deposition on porous materials in catalysis must be different
from that used on flat substrates in semiconductor industries. Two major differences are
related to the carrier gas and exposure time. Firstly, semiconductor industries use a
carrier-gas-assisted ALD process, which could hinder the diffusion of precursor
molecules in porous materials. Secondly, the rapid cycling used in semiconductor
industries (typically 0.5-s exposure per reactant per cycle) limits the diffusion into the
tortuous pore structures due to insufficient diffusion time [114]. To solve the above two
issues, the catalysts in this thesis were prepared in a home-built, static, vacuum system,
without using a carrier gas and with much longer exposure times. A schematic diagram of
the apparatus is shown in Figure 2.3. The apparatus is basically a high-temperature
adsorption system that could be evacuated by a mechanical pump. All lines are heated to
avoid condensation of precursors and oxidizing reactants. One of the two heated
chambers was used for the high-surface-area support and one was used for the ALD
precursor. The temperatures were controlled separately to maintain a suitable deposition
temperature for the supports and to generate sufficient gaseous precursor molecules.
High-temperature valves were used to control different steps shown in Figure 2.2.
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Figure 2.3 Schematic plot for home-built, static ALD setup.

2.1.3 Incipient Wetness Impregnation
Incipient wetness impregnation (IMP) is the most widely used method for
preparing heterogeneous catalysts due to its simplicity, robustness, and low cost. The
metal precursors are first dissolved in an aqueous or organic solution, which is later
mixed with high-surface-area supports. The resulting slurries are next dried at 333 K and
then activated at higher temperature (e.g., calcination in oxidizing environment or
reduction in reducing environment) to decompose the precursors into the active form.
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2.2. Reactor Design and Reactivity Measurement
2.2.1 Two-phase Flow Reactor System
Two-phase flow reactors, for gas-phase reactions or liquid-phase reactions, were
designed and built for dehydrogenation of ethane (Chapter 3), hydrodeoxygenation of mcresol (Chapter 4), aldol condensation of furfural (Chapter 5), dehydrogenation of 1propanamine (Chapter 6).
Figure 2.4 shows a schematic diagram of the gas phase reactor for
dehydrogenation of ethane (Chapter 3) under 1-atm total pressure. The gas flows were
controlled using simple rotameters with metering valves (FL3600-3800, Omega
Engineering, Norwalk, CT, USA). All gases were mixed before entering the reactor. A
syringe pump (KDS 100, KD Scientific Inc, USA) was incorporated into the feed line to
provide liquid phase reactants such as water if necessary. The reactor was a ½-inch,
quartz tube connected with Swagelok® Ultra-Torr vacuum fittings and placed
horizontally inside a cylindrical furnace. ~0.5 g of the catalyst was loaded in the center of
the tube between two quartz-wool plugs. The effluent was introduced through a six-way
valve to an online gas chromatograph (Model 310, Buck Scientific, East Norwalk, CT,
USA) with a Haysep Q column and a thermal conductivity detector (TCD). Different gas
tanks with suitable pressure regulators could be connected to the three rotameters and
provide the desired gas feed combinations.
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Figure 2.4 Schematic plot for reactor setups connected to an online GC-TCD.

The gas-phase reactor for hydrodeoxygenation of m-cresol (Chapter 4) is similar
to the one shown in Figure 2.4. The feed system, including the syringe pump and the gas
flow controllers, was the same. The reactor was changed from a quartz tube to a stainlesssteel tube, 20-cm long and 4.6 mm ID (IDEX Health & Science, Oak Harbor, WA, USA).
There are two advantages of using a stainless tube as the reactor: first, the internal
volume of the reactor is much smaller, less catalyst can be used, and the products can
come out faster; second, the stainless-steel ferrule and nuts can toluene and m-cresol,
whereas the O-rings used with the quartz tube would be damaged. To collect the product
faster, each end of the reactor was heated to gasify the liquid. The product streams,
instead of going to a 6-way valve, were directly collected in a sample vial. The liquid
product was later analyzed using gas chromatography–mass spectrometry (GC-MS, QP5000, Shimadzu).
A liquid-phase reactor was designed and constructed for the aldol condensation of
furfural (Chapter 5) at various pressures above 1 atm. Figure 2.5 shows the schematic
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diagram of the liquid-phase flow reactor. The configuration of the liquid-phase flow
reactor is similar to that of the gas-phase reactor used in the hydrodeoxygenation of mcresol (Chapter 4). The syringe pump was replaced by an HPLC pump, which was able to
discharge the liquid to pressures above atmospheric. A gas feed line was connected
through a 3-way valve to the reactor inlet for the purpose of pretreatment in Helium, CO2
or H2. The reactor was a stainless steel, 20-cm long and 4.6 mm ID tube (IDEX Health &
Science, Oak Harbor, WA, USA) that was placed vertically in a cylindrical furnace. The
vertical design allowed gas to be expelled completely upwards when pumping the liquid
from below. A back-pressure regulator (KPB series, Swagelok, USA or U-607/608/609,
IDEX Health & Science LLC., USA) was connected to the outlet of the reactor to control
the total pressure. The purpose of working at higher pressures is to maintain the solvents
and reactants in the liquid state at high temperatures. This allowed heavy product
molecules to be eluted by the liquid phase solvent. The liquid product was collected after
the back-pressure regulator and analyzed using gas chromatography–mass spectrometry
(GC-MS, QP-5000, Shimadzu). The back-pressure regulator was removed when the
liquid phase reaction was conducted at atmospheric pressure.
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Figure 2.5 Schematic plot for high-pressure liquid phase reactor.

A liquid-phase reactor with capabilities for in-situ heat measurement was
designed and constructed for the dehydrogenation of 1-propanamine (Chapter 6). The
reactor system had the same components as the one shown in Figure 2.5 and Figure 2.6.
The liquid-phase fuel was pressurized using an HPLC pump and then passed through a
preheater, which was essentially a 100-mm long, 7.8-mm I.D. stainless-steel tube placed
horizontally in a cylindrical furnace. Quartz chips were placed inside the tube to promote
mixing and heat transfer. The outlet of the preheater was connected to the reactor inlet.
The reactor was a 100-mm long, 7.8-mm I.D. stainless-steel tube packed with catalyst.
Two stainless steel rods were placed before and after the catalyst bed to decrease the dead
volume of the reactor. The total pressure in the system was controlled by the backpressure regulator (KPB series, Swagelok, USA). High-molecular-weight products from
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the effluent stream were removed by passing the through a hot trap held at 373 K, and the
product were then analyzed by an online GC-TCD (Buck Scientific, Model 310, HPINNOWAX capillary column).

Figure 2.6 Schematic plot for high-pressure liquid phase reactor with in-situ calorimetry.

Thermocouples were attached to the inlet of the reactor (T1) and to the catalyst
bed (T2). The furnace outside the reactor was operated at a constant power output. A
nichrome-wire with fiberglass insulation sleeve was wrapped around the reactor stainless
tube in the vicinity of the catalyst bed. The reaction heats were then determined by the
extra heat that had to be provided by the nichrome-wire in order to keep T2 at the same
value. The heat supplied by the wire could be obtained from the product of the voltage
and the current.
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2.3 Characterization Techniques
2.3.1 Surface Area Measurements
Surface areas were measured using Brunauer–Emmett–Teller (BET) isotherms of
N2 in home-built adsorption equipment at 78 K. Before the measurement, the samples
were first evacuated and heated in a cylindrical furnace at 473 K for 30 min to remove
adsorbed water molecules. The samples were then cooled to room temperature and
immersed in liquid nitrogen at 78 K. The amount of the adsorbed gas was calculated by
the pressure change before and after the dose of N2 to the samples, taking into account
the volume of the dosing lines and the tube.

Figure 2.7 Schematic plot for BET surface area analyzer.
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2.3.2 X-Ray Diffraction (XRD)
XRD was used to measure the crystal structure of different samples and to
identify their chemical compositions. Diffraction patterns were recorded on a MiniFlex
diffractometer (Rikagu, Tokyo, Japan) equipped with a Cu Kα source (λ = 154.05 pm).
Before each measurement, samples were ground into powders using an agate mortar and
pestle. The powders were spread and pasted uniformly on an amorphous polycarbonate
circular plate inside the sample holder with the help of ethanol. The scanning rate was
normally controlled at 10 ̊·min-1.

2.3.3 Dispersion Measurements
Dispersion measurements are used to determine the fraction of metal atoms
exposed on the surface, which in turn provides an estimate for metal particle size. In this
thesis work, carbon monoxide (CO) was used as the adsorbate molecule to measure the
dispersion, assuming a stoichiometry of one CO per metal atom. The home-built
adsorption apparatus for dispersion measurements was essentially the same as the BET
surface area analyzer shown in Figure 2.7, with CO as the adsorbate rather than N2. The
sample was placed in a glass tube connected by Swagelok® Ultra-Torr vacuum fittings to
the system, degassed in vacuo at 473 K and reduced in 200 Torr H2 for 1 h. After the
sample cooled to room temperature (~293 K), CO chemisorption measurements were
conducted and the total amount of CO which adsorbed could be calculated based on the
pressure change and volume. The dispersion was then calculated from the ratio of atoms
exposed on the surface to the atoms in total. It is worth mentioning that the adsorption of
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CO molecules could be affected by certain support effects [115] or by an overlayer of
secondary elements covering the metal surface (Chapter 4).

2.3.4 TPD-TGA Measurement
Temperature program desorption - thermogravimetric analysis (TPD-TGA)
measurements were used to characterize the solid-acid or reactive sites on catalysts with
different types of probe molecules. For example, isopropanol could be used as a measure
of the acid-site density and strength on some solids and amines could be used to quantify
Brønsted-site densities.
A schematic diagram of the home-built, TPD-TGA apparatus is shown in Figure
2.8. The apparatus consists of 3 parts: a dosing line, a microbalance (Cahn 2000, Cahn
Scientific, USA), and a quadrupole mass spectrometer (RGA100, Stanford Research
Systems, USA). A turbo pump is connected to the system to provide ultra-high vacuum
for the proper functioning of the mass spectrometer. In a typical experiment, a 25-mg
sample were first heated in vacuo to 823 K with a ramping rate of 10 K/min. This step
removed the adsorbed water molecules on the surface and produced a clean surface. After
the sample was cooled to the room temperature (~293 K), it was exposed to ~ 10 Torr of
the probe molecule for 10 minutes. The gas-phase and weakly adsorbed molecules were
removed by 30 min evacuation using the rotary pump, followed by the turbo pump. The
TPD-TGA measurement was conducted by ramping the temperature at 10 K/min to 823
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K. The microbalance measured the changes of weight of the sample while the mass
spectrometer analyzed the mass spectrum of the desorbed molecules.

Figure 2.8 Schematic plot for TPD-TGA apparatus.

38

Chapter 3.

Atomic Layer Deposition for Preparing Isolated

Co Sites on SiO2 for Ethane Dehydrogenation Catalysis
Abstract
Unlike Co clusters, isolated Co atoms have been shown to be selective for
catalytic dehydrogenation of ethane to ethylene; however, preparation of isolated Co sites
requires special preparation procedures. Here, we demonstrate that Atomic Layer
Deposition (ALD) of tris(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(III)
(Co(TMHD)3) on silica and other supports is effective in producing these isolated
species. Silica-supported catalysts prepared with one ALD cycle showed ethylene
selectivities greater than 96% at 923 K and were stable when CO2 was co-fed with the
ethane. Co catalysts prepared by impregnation formed clusters that were significantly less
active, selective, and stable. Rates and selectivities also decreased for catalysts with
multiple ALD cycles. Isolated Co catalysts prepared on Al2O3 and MgAl2O4 showed
reasonable selectivity for ethane dehydrogenation but were not as effective as their silica
counterpart.

________________________________
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This chapter was published as R. Huang, Y. Cheng, Y. Ji, R.J. Gorte, Atomic Layer Deposition for
Preparing Isolated Co Sites on SiO2 for Ethane Dehydrogenation Catalysis, Nanomaterials. 10 (2020) 244.

3.1. Introduction
Ethylene is one of the most important building blocks for the chemical industry
and is widely used as a feedstock for producing polymers, ethylene oxide, and other
derivatives [116]. Most ethylene has been produced by steam cracking of light naphtha or
as a by-product of fluidized catalytic cracking of crude oil. More recently, steam cracking
of ethane has taken on increased importance due to the abundance of ethane from shale
gas [95]; however, lower-temperature dehydrogenation of ethane would be desirable for
energy efficiency and reduced NOx emissions [117–119].
High temperatures are required in order to achieve high equilibrium conversions
by direct catalytic dehydrogenation of ethane to H2 and ethylene. Oxidative
dehydrogenation (ODH) eliminates the equilibrium requirement by consuming the H2 to
form water, while simultaneously generating the heat required to raise the temperature of
the reactants. The mostly extensively studied catalysts for ODH of ethane are chromiumbased [98–100] and gallium-based [120,121] materials. In addition to other issues, the
toxicity of CrOx and the severe coking behavior of GaOx-containing materials has
prevented their wide-scale application. Other metal oxides, including those of V [103],
Mo [103], and Co [104], have also been investigated and show some potential. Overoxidation of the ethylene product is usually an issue in ODH with strong oxidants, and it
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would be particularly attractive if one could use a “soft” oxidant, such as readily
available CO2 [122].
There have been several recent reports that cobalt-based catalysts can be active
and selective for ODH of ethane using CO2 [104,123]. Of particular interest, Koirala et
al. [104] demonstrated that flame-synthesis of CoOx/SiO2 produced a catalyst capable of
selectivities above 85%. Their observation that selectivities increased with decreasing Co
content suggested that the selective sites are associated with isolated Co. Spectroscopic
data implied that the active species was Co2+ in a tetrahedral environment, strongly bound
to the silica. Others have also shown that isolated Co can exhibit selective C-H activation
of alkanes [124–126]. For example, Hu et al. used electrostatic adsorption of monomeric
hexamminecobalt (III) with low metal loadings to produce silica-supported catalysts with
isolated Co [124]. However, preparation of isolated Co species remains challenging; and
conventional preparation by impregnation usually results in catalysts that have metal
atoms in a variety of coordination environments [125].
In the present work, we will demonstrate that isolated Co sites on silica and other
supports can be prepared easily by Atomic Layer Deposition (ALD). The basic idea
behind ALD is that a precursor reactant is first allowed to react with a surface in a selfterminating way. After excess precursor has been purged, the adsorbed precursor is
oxidized in a separate step. By choosing the correct conditions, conformal films can be
deposited on either flat or porous surfaces, as described in several reviews [18,19]. For
the present application, it is important to recognize that a single deposition cycle of Co
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precursors with large ligands results in spatially isolated Co atoms that retain that site
isolation after removal of the ligands. For example, previous work has shown that the
growth rate for ALD with tris(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(III)
(Co(TMHD)3) is 5x1017 Co/m2 [127,128], a coverage that is roughly a factor of ten lower
than that which would be expected for Co in a monolayer of CoOx. This low coverage per
cycle, which is almost certainly due to steric crowding by the large TMHD ligands,
causes the Co ions to be spatially isolated. The resulting catalysts exhibit exceptional
activity, selectivity, and stability for dehydrogenation of ethane. A comparison of Co2+ on
silica, alumina, and MgAl2O4 shows that the silica-supported catalysts are superior but
reasonable performance could be achieved with isolated Co2+ on the other supports as
well.

3.2 Materials and Methods
3.2.1. Catalyst Preparation
SiO2, Al2O3, and MgAl2O4 were used as the supports in this work. The SiO2 (Fuji
Silysia Chemical G-6, 10 μm) was calcined in air at 973 K for 1 h. The Al2O3 used in this
study was obtained as γ-Al2O3 (Strem Chemicals) but was then stabilized by calcination
in air at 1173 K for 24 h. The MgAl2O4 was prepared in our laboratory by coprecipitation and the synthesis has been described in previous publications [129]. It was
also calcined in air at 1173 K for 12 h to stabilize its surface area. All support powders
were pressed into thin wafers and then broken into small pieces before further use.
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The cobalt was deposited onto different supports by ALD using a home-built,
static system that has been described in detail previously [114,130]. The ALD precursor
was Co(TMHD)3 (Strem Chemicals). During the deposition process, approximately 0.7 g
of support material were evacuated and exposed to 5 Torr of the precursor vapor at 523 K
for 5 min, after which the samples were evacuated to remove excess precursors and then
oxidized in a muffle furnace at 773 K for 7 min to fully remove the ligands. Samples with
n ALD cycles on a particular support are referred to here as nCo-support.
A silica-supported sample was also prepared by conventional incipient wetness,
using aqueous solutions of Cobalt(II) nitrate hexahydrate (98%, Sigma-Aldrich). To
minimize CoOx cluster size, this sample was prepared with 1-wt% Co on SiO2 (imp CoSiO2). After impregnation, it was calcined for 3 h at 873 K and is referred to as impCoSiO2.

3.2.2. Catalyst Characterization
X-ray diffraction (XRD) patterns were measured on a Rigaku MiniFlex
diffractometer equipped with a Cu Kα source (λ = 154.05 pm). Co loadings were initially
determined by weight changes following ALD but then confirmed by InductivelyCoupled Plasma, Optical Emission Spectrometry (ICP-OES, Spectro Genesis). Specific
surface areas were obtained by the Brunauer-Emmett-Teller (BET) method using N2 at 78
K. UV-Vis, diffuse-reflectance spectra were recorded on a Cary 5000 UV–vis-NIR
spectrophotometer equipped with a Harrick praying mantis DRS accessory. The spectra
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were measured against a Spectralon background. A thermogravimetric analyzer (Q600,
TA Instruments) was used to quantify the amount of coke in the spent catalyst after 24 h
on stream. For these measurements, the samples were first held at 373 K for 1 h in
flowing, dry N2 before ramping the temperature in flowing air to 1173 K at a rate of 10
K/min. Temperature programmed desorption (TPD) measurements were performed in a
high-vacuum system (~10-7 torr), using 50-mg samples and a quadrupole mass
spectrometer (RGA100, SRS) for product detection [131]. The heating rate in these
measurements was again 10 K/min.

3.2.3. Catalyst Testing
The dehydrogenation reactions were conducted in a 1/2-inch, quartz, tubular flow
reactor. Gas flow was controlled using simple rotameters with metering valves (FL36003800, Omega Engineering). Products were detected by on-line gas chromatography
(Model 310, Buck Scientific) with a Haysep Q column and a thermal conductivity
detector using Helium (He, 99.999%, Airgas) as the carrier gas. In a typical run, 0.5 g of
catalyst was loaded in the center of the tube between two quartz-wool plugs. The
catalysts were heated to the desired reaction temperature at 10 K/min in He flow before
introducing the reaction mixtures. The reactant gases were ethane (C2H6, 99.99%, Airgas)
and carbon dioxide (CO2, 99.99%, Airgas). The total flow rate of the reactant gases and
He was maintained at 30 mL/min throughout the study. To increase the residence time,
we either increased the catalyst loading or reduced the total flow rate. In all cases, the
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carbon balances were greater than 98% for reactions when CO2 and ethane were co-fed
and 96% in the absence of CO2.

3.3. Results
3.3.1. Sample Characterization
A list of all the samples used in this study is reported in Table 3.1, together with
their metal loadings and BET surface areas. The specific Co coverages in the table were
calculated from the Co weight loading and the BET surface area, assuming the Co was
present as CoO. On the SiO2 support, catalysts were prepared with between one and ten
ALD cycles of Co(TMHD)3. As shown in Table 3.1, the Co loading increased linearly
with the number of cycles, as expected; however, the growth rate, 2.5x1017 Co/m2-cycle,
was about half that reported previously for deposition of Co with this precursor on Al2O3
and MgAl2O4 [127,128]. Because only one ALD cycle was deposited onto the Al2O3 and
MgAl2O4 supports in the present study, there is significant uncertainty in the growth rates
for these samples; but the values, ~8x1017 Co/m2-cycle, are more similar to what has been
reported previously [127,128]. We suggest that the lower growth rate on SiO2 is due the
fact that this support had a much higher surface area than the supports used in earlier
work and therefore had smaller pores. It is likely that the Co precursor with large TMHD
ligands was unable to access smaller pores. However, we cannot rule out the possibility
that the silica simply had a lower concentration of reactive sites [132].
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It is useful to notice that the coverage of 2.7x1017 Co/m2 would imply that each
Co occupies an area of 4 nm2, which would indicate that the metal atoms are separated by
a distance of roughly 2 nm. Even after 10 ALD cycles, the average distance between Co
atoms is expected to be greater than 0.6 nm. Finally, the decrease in BET surface area
with the number of ALD cycles in the SiO2-supported samples is mainly due to the
increased mass of the samples, combined with a small change in pore size [133].

Table 3.1 Samples used in this study, together with their BET surface areas and Co
loadings. nCo-MOx correspond to samples prepared by ALD, with n being the number of
ALD cycles.
Sample

BET S.A
(m2/g)

SiO2
1Co-SiO2
2Co-SiO2
3Co-SiO2
5Co-SiO2

472
457
445
438
419

Metal
Loading
(wt%)
0
1.2
2.3
3.5
5.5

Cobalt
Coverages
(Co/m2)
0
2.7 x1017
5.3 x1017
8.2 x1017
1.3 x1018

XRD patterns of the SiO2, 1Co-SiO2, 10Co-SiO2, and impCo-SiO2 samples, shown
in Figure 3.1, demonstrate that the structure of the ALD-prepared samples differs
significantly from that of the sample prepared by impregnation. Each of these samples
had been calcined above 773 K but only the impCo-SiO2 sample exhibited features at 36,
44, 59, and 65 degrees 2θ. These peaks correspond to Co3O4 and demonstrate that, in the
absence of very specialized procedures, such as the electrostatic adsorption procedure
used by Hu et al. [134,135], impregnation leads to formation of metal clusters, even at
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relatively low Co loadings. From the XRD peak width and Scherrer’s equation, the
Co3O4 crystallite size for impCo-SiO2 is estimated to be 11 nm. By contrast, the samples
prepared by ALD showed no observable XRD peaks for cobalt oxides, even at Co
loadings ten times higher.

Figure 3.1 XRD patterns of SiO2, impCo-SiO2, 1Co-SiO2, and 10Co-SiO2. Characteristic
peaks associated with Co3O4 are marked as (■).
The difference in structure of the materials prepared by ALD and by impregnation
is further shown by the UV-Vis spectra in Figure 3.2. Pure SiO2 does not adsorb in the
UV-Vis range that is shown here and thus did not exhibit any features. The impCo-SiO2
sample was visibly darker and exhibited broad absorption bands between 300 and 600 nm
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and between 650 and 800 nm. These bands are consistent with that expected for Co3O4
[136]. However, the 1Co-SiO2 and 10Co-SiO2 were both light blue in color and exhibited
absorption bands centered at 530, 590, and 640 nm. These spectra imply that the Co is
present as isolated Co2+ in a tetrahedral environment [126,135,137]. As expected, the
intensity of the bands was stronger with 10Co-SiO2 compared to 1Co-SiO2 due to the
increased metal loading but the features remained the same. It is also noteworthy that
these spectra are the same as those reported for the flame-prepared samples in an earlier
study [104,135].

Figure 3.2 UV–vis diffuse reflectance spectra of SiO2, 1Co-SiO2, 10Co-SiO2 and impCoSiO2.
The adsorption properties of the Co added by ALD were probed in TPD studies
with 2-propanol, with results shown for SiO2 and 1Co-SiO2 in Figure 3.3. 2-Propanol
adsorbs on silica via hydrogen bonding with surface silanols [138]. Some of alcohol

48

desorbs as 2-propanol below 550 K but a significant fraction desorbs as propene between
700 and 800 K. The propene is produced by decomposition of the silyl/iso-propyl ether
that forms when the alcohol reacts with silanols. The water formed in this reaction
desorbs at lower temperatures, over a broad temperature range, so that the silyl/iso-propyl
ether that remains at higher temperatures cannot recombine back to the alcohol. While
these same silica-related features are observed on the 1Co-SiO2 sample, the Cocontaining sample also exhibits acetone formation between 500 and 650 K. The
formation of acetone is a clear indication of dehydrogenation activity.

Figure 3.3 TPD of 2-propanol following room-temperature adsorption on SiO2 and 1CoSiO2. The desorption features represent: 2-propanol (red), acetone (orange) and propene
(blue).

49

3.3.2. Catalytic Performance
3.3.2.1. Comparison of 1Co-SiO2 and impCo-SiO2
To understand how the catalytic properties of isolated Co sites differ from that of
CoOx clusters, we examined the reaction of ethane and CO2 on the 1Co-SiO2 and impCoSiO2 samples at 923 K, with data shown in Figure 3.4. These experiments were
performed on the oxidized samples but prereduction of the 1Co-SiO2 sample at 973 K in
H2 had no effect on either the conversion or the selectivity. As shown in Figure 3.4a),
using the same amounts of catalyst and a CO2:C2H6 ratio of one, the conversion on 1CoSiO2 was approximately three times higher than on impCo-SiO2, 22% versus 7%. More
importantly, the selectivity on 1Co-SiO2 was 99% to ethylene, compared to a value of
only 16% on impCo-SiO2. The impCo-SiO2 acted primarily as a reforming catalyst,
producing CO and H2. The 1Co-SiO2 sample was also relatively stable for a period of at
least 7 h, Figure 3.4b). Since the results on impCo-SiO2 show that clusters are not
selective for ethylene, the fact that the selectivity remains high on 1Co-SiO2 implies that
the isolated Co species do not sinter to form clusters under these conditions. Finally, it is
interesting to note that the selectivities that we observed on 1Co-SiO2 are actually
somewhat higher than the dilute-Co catalysts that were flame-prepared by Koirala et al.
[135]. While the conditions of our experiments were clearly different, this result suggests
that preparation of the catalyst by ALD may be more effective in producing isolated Co
compared to the flame-preparation method.
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Figure 3.4 Comparison of 1Co-SiO2 and impCo-SiO2 for the reaction of CO2 and C2H6.
Reaction conditions were: T = 923 K; CO2:C2H6:He = 1:1:4; space time = 1 h ∙gcat ∙mL−1.
(a) C2H6 conversions and selectivity after 1 h. (b) Time-on-stream curves for C2H6
conversions and selectivities to C2H4 for 1Co-SiO2 (■, □)) and impCo-SiO2 (●, ○).

3.3.2.2. Influence of CO2 Partial Pressure
In the reaction of ethane with CO2, it has been proposed that the role of CO2 can
be either to push the equilibrium towards ethylene production by consuming H2 via
reverse water gas shift (RWGS) or to remove coke via reverse Boudouard reaction
[95,116,139]. To determine which process was more important for the present system, we
examined the conversion and stability of the 1Co-SiO2 catalyst for different CO2:C2H6
ratios, with results shown in Figure 3.5. Measurements were performed as a function of
time at a fixed mole fraction of C2H6 of 0.167 and a fixed space time (30 mL/min total
flow rate with 0.5-g catalyst). In all cases, the selectivity to ethylene was greater than
97%, demonstrating that the presence of CO2 did not affect selectivity. In the absence of
CO2, the conversions were initially higher than what we measured in the presence of

51

CO2, implying that equilibrium considerations are not important. This conclusion is
further supported by the fact that the equilibrium conversion of ethane to ethylene and H2
at this temperature would be 69%. Furthermore, even with a CO2:C2H6 ratio of 3, only
about 5% of the H2 produced in the reaction was consumed by RWGS. However, in the
absence of CO2, the conversion declined significantly with time. For CO2:C2H6 ratios of
both 1 and 3, the conversions were stable. The effect of changing the CO2:C2H6 ratio was
modest so long as some CO2 was present in the reaction mixture. The conversions
decreased, but only slightly, when the CO2:C2H6 ratio increased from 1 to 3.
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Figure 3.5 Effect of CO2 on ethane conversion and selectivity to ethylene over 1Co-SiO2:
C2H6:CO2:He = 1:0:5 (■, □); =1:1:4 (●, ○); = 1:3:2 (▲, △). Reaction conditions: T = 923
K; space time = 1 h ∙gcat ∙mL−1.

3.3.2.3. Stability and Regeneration of 1Co-SiO2

To gain further insights into the reasons for deactivation of 1Co-SiO2 in the
absence of CO2, we performed additional, 24-h tests of the sample, with and without
CO2. We also measured the carbon contents of the sample after running the reaction for
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this amount of time and attempted to regenerate the catalyst by oxidation. The results of
these experiments are shown in Table 3.2. In agreement with Figure 3.5, the conversion
of ethane in the absence of CO2 fell to 7.2% after 24 h while the conversion dropped only
modestly, from 23.2% to 18.1%, when CO2 was added to the feed. The activity of the
catalyst could be largely restored by oxidation at 923 K in flowing air, implying that
deactivation was not due to some structural change in the catalyst. The carbon contents
after 24 h of reaction were 3.7-wt% in the absence of CO2 and 1.0-wt% when the feed
contained CO2. Since metallic Co nanoparticles can form large amounts of carbon due
whisker formation [140,141], both of these values are relatively small, indicating that
whisker formation did not occur; however, on an atomic basis, the C:Co ratio
corresponding to 3.7-wt% C is greater than 20, so that this amount of carbon is sufficient
to cover the active component.
Table 3.2 The conversions and selectivities for ethane dehydrogenation over 1Co-SiO2,
initially and after 24 h, with and without CO2 in the feed. Reaction conditions: T = 923
K; space time = 1 h∙gcat ∙mL−1. Regeneration was performed in flowing air at 923 K for 1
h.
Feed
C2H6:CO2:He
1:0:5
1:1:4

Conversion (Selectivity) %
0.5 h
24 h
After Regen.
26.9 (98.8) 7.2 (98.8) 21.7 (98.8)
23.2 (98.3) 18.1 (98.0) 17.0 (97.8)

Amount of Coke
3.7 wt%
1.0 wt%

3.3.2.4. Effects of reaction temperature and space velocity
The effect of reaction temperature on the 1Co-SiO2 sample was investigated
between 923 K and 1023 K, with results reported in Figure 3.6. While conversion
increased with temperature, the selectivity decreased dramatically. At higher reaction
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temperatures, we observed evidence for both gas-phase, free-radical reactions from the
presence of methane and higher-molecular weight products and dry reforming from the
presence of CO in the products.
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Figure 3.6 Effect of temperature on the conversion and selectivity for ethane
dehydrogenation over 1Co-SiO2. Data were collected at a time-on-stream of 1 h. Reaction
conditions: T = 923 K; CO2:C2H6:He = 1:1:4; space time = 1 h ∙gcat ∙mL−1.
The effect of varying the space time on the 1Co-SiO2 sample is shown in Figure
3.7. As expected, the conversion increased with increasing space time. What is
noteworthy is that the selectivity to ethylene remained high, greater than 96%, at
conversions approaching 40%. Ethylene did not appear to be reactive on this catalyst
under these conditions.
The effect of varying the space time on the 1Co-SiO2 sample is shown in Figure
3.7. As expected, the conversion increased with increasing space time. What is
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noteworthy is that the selectivity to ethylene remained high, greater than 96%, at
conversions approaching 40%. Ethylene did not appear to be reactive on this catalyst
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Figure 3.7 Effect of spacetime on catalytic performance for ethane dehydrogenation over
1Co-SiO2. Data were collected at a time-on-stream of 2 h. Reaction conditions: T = 923
K; CO2:C2H6:He = 1:1:4.

3.3.2.5. Effect of the number of ALD cycles on SiO2
It is expected that higher Co loadings should lead to higher rates if isolated Co
sites can be maintained. Since the XRD and UV-Vis results in Figures 1 and 2 suggest
that the Co still exists as isolated sites following multiple ALD cycles, we examined the
conversion and selectivity of SiO2-supported samples as a function of the number of
ALD cycles, with results shown in Figure 3.8. The conversion did increase slightly after
the second ALD cycle but then declined monotonically. Selectivity remained high after
as many as 5 ALD cycles but then decreased dramatically after 10 ALD cycles. We
suggest that the most likely explanation for the decrease in rates with increasing ALD
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cycles is that only isolated Co sites are active. Additional ALD cycles create sites in
which Co sites are paired, so that adding more Co lowers the rates. After 10 ALD cycles,
some of the Co is present as clusters which are active for non-selective reactions.
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Figure 3.8 Conversion (■) and selectivity (▲) on SiO2-supported catalysts as a function
of the number of Co ALD cycles. Data were are for a time-on-stream of 2 h. Reaction
conditions: T = 923 K; CO2:C2H6:He = 1:1:4; space time = 1 h ∙gcat ∙mL−1.

3.3.2.6. Isolated Co on other supports
Unlike the flame-synthesis [104] and electrostatic-adsorption [134] methods for
preparing isolated Co sites, addition of Co by ALD is expected to provide isolated sites
independent of the support. Therefore, to determine the effect of different supports on the
reaction of ethane, samples were prepared with one ALD cycle of Co(TMHD)3 onto
Al2O3 and MgAl2O4. Although Co is expected to react with Al2O3 to form CoAl2O4 at
higher temperatures [127], the presence of MgO should provide some stability [128].
Figure 3.9 compares the conversions and selectivities at a time-on-stream of 1 h for 1CoSiO2, impCo-SiO2, 1Co-Al2O3, and 1Co-MgAl2O4. The 1Co-Al2O3 and 1Co-MgAl2O4
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samples were less active and selective compared to 1Co-SiO2 but both catalysts were
significantly better than impCo-SiO2. The lower activity of 1Co-Al2O3 and 1Co-MgAl2O4
compared to 1Co-SiO2 could be explained by Co incorporation into the bulk of the Al2O3
and MgAl2O4 supports but that would not explain the higher selectivity of the 1Co-SiO2
catalyst.
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Figure 3.9 Conversions and selectivities for 1Co-SiO2, impCo-SiO2, 1Co-Al2O3, and 1CoMgAl2O4. Data were collected at a time-on-stream of 1 h. Reaction conditions: T = 923K;
CO2:C2H6:He = 1:1:4; space time = 1 h ∙gcat ∙mL−1.

3.4. Discussion
In this work, we have demonstrated that isolated-site, Co catalysts can be
synthesized readily using ALD with large precursor molecules. While other methods for
preparing single-site catalysts have been demonstrated [104,134], the utility of ALD is
that the conditions required to make the materials appear to be independent of support.
One ALD cycle also appears to provide a nearly optimal metal loading, so that the effect
of loading does not need to be explored. We should also note that preparation of materials
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using one ALD cycle can be accomplished in a simple, high-temperature adsorption
system and does not require the expensive equipment that is more commonly used when
rapid cycling is required [114]. Furthermore, since the oxidation step can be carried out at
higher temperatures, possibly in a separate system, the organometallic precursor does not
need to be a specialized compound designed to be easily oxidized at the deposition
temperature. Any compound that remains stable to temperatures at which it has a vapor
pressure can be used.
Isolated-site catalysts based on Zn have been successfully prepared by ALD in
earlier studies [142], but the approach does not appear to have been successful in
preparing single-atom, precious-metal catalysts [115,128,143]. A key factor in being able
to achieve single-site catalysts is the requirement that the metal atoms be immobilized on
the surface. Success in the case of Zn and Co is likely due to the fact that these atomic
species remain in an oxidized form, bonded in some way to the support. This is likely the
case also for Co. While bulk Co would be reduced to its zero-valence state at the low O2
fugacities associated with ethane dehydrogenation, isolated Co atoms are likely much
harder to reduce [144]. Furthermore, it has recently been demonstrated that interactions
with the support can shift equilibrium constants to make the metals even more difficult to
reduce [144]. By contrast, precious metals are always much easier to reduce. In the case
of single-atom, precious-metal catalysts, the support almost always plays a key role
[145,146].
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Isolated-site Co catalysts are especially intriguing, given their high selectivity for
dehydrogenation of ethane and remarkable tolerance against coking. The fact that we
were able to achieve relatively high conversions (>25%) with almost 100% selectivity
(99%) is very encouraging. Whether silica is playing a role as “ligand” for the supported
Co is uncertain. While rates for isolated Co appear to be lower for Co on Al2O3 and
MgAl2O4, this could be associated with formation of CoAl2O4. The Co/Al2O3 and
Co/MgAl2O4 catalysts were still reasonably selective. It will be interesting to investigate
the effects of other supports that may be less reactive.
Obviously, there is still much to learn about the nature and properties of the
catalytic sites in single-site Cobalt on silica. We believe the controlled synthesis of ALD
could open the possibility for understanding and producing highly active and selective
Co-based catalyst for various applications.

3.5. Conclusions
We have successfully prepared isolated-site, Co catalysts on SiO2, Al2O3, and
MgAl2O4 supports using ALD. The SiO2-supported Co catalyst exhibited dramatically
improved conversion and selectivity for ethane dehydrogenation compared to a catalyst
prepared by the conventional impregnation. ALD provides a simple method for preparing
these isolated-site catalysts.
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Chapter 4.

The effects of SMSI on m-Cresol

Hydrodeoxygenation over Pt/Nb2O5 and Pt/TiO2
Abstract
The hydrodeoxygenation (HDO) of m-cresol was studied on Pt/Nb2O5/MgAl2O4
and Pt/TiO2/MgAl2O4 catalysts to understand the effects of Strong Metal Support
Interactions (SMSI). The Nb2O5 and TiO2 supports were prepared as 0.7-nm films on
MgAl2O4 by Atomic Layer Deposition (ALD) to ensure that the structures of the catalyst
were the same. When reduced at 773 K to place Pt in the encapsulated state,
Pt/Nb2O5/MgAl2O4 was much less active than Pt/MgAl2O4 at 573 K but much more
active at 623 K. While Pt/MgAl2O4 deactivated rapidly due to coking,
Pt/Nb2O5/MgAl2O4 showed significantly better coke tolerance and was almost 100%
selective towards toluene production. Pt/Nb2O5/MgAl2O4 reduced at lower temperatures
exhibited intermediate catalytic properties. The effect of reduction temperature on
Pt/TiO2/MgAl2O4 was much less and this catalyst was more similar to Pt/MgAl2O4 than
its Nb2O5 counterpart. The implications of these results for understanding the nature of
oxide promoters on HDO of m-cresol are discussed.

_______________________________
This chapter was published as R. Huang, O. Kwon, C. Lin, R.J. Gorte, The effects of SMSI on m-Cresol
hydrodeoxygenation over Pt/Nb2O5 and Pt/TiO2, J. Catal. 398 (2021) 102–108.
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4.1. Introduction
Lignocellulosic biomass has great potential as a renewable resource for partial
replacement of petroleum [147]. For example, the lignin component consists largely of
aromatic compounds that, after depolymerization, could be added to fuels or used as
chemical feedstocks [148–154]. However, the initial products formed by
depolymerization are highly oxygenated and unstable, consisting of a range of phenolic
compounds that are polar and immiscible in the hydrocarbons that are typically used as
fuels. Removal of oxygen by hydrodeoxygenation (HDO) could provide valuable
products, but hydrogenation of the aromatic rings should be avoided since this would
consume large amounts of expensive hydrogen.
Cresol is commonly used as a surrogate for studying HDO reactions of
compounds formed from lignin, and various catalysts have shown promise for the
selective removal of the phenolic oxygen. Molybdena is one of the more active partial
oxidation catalysts and is active and selective for this reaction [155]; however,
molybdena undergoes carburization under these very severe reaction conditions. Group
10 metals (e.g. Ru, Pd, Pt, and Ni) exhibit higher HDO activity [156–158], but also tend
to catalyze hydrogenation of the aromatic rings. Improved selectivities have been
reported for group 10 metals when they are alloyed with a more oxophillic metal
[44,159–162]. The reaction pathway for HDO of cresols on these alloy catalysts is
sometime reported to involve ring hydrogenation on the metal to form a saturated
alcohol, followed by dehydration and dehydrogenation back to the aromatic [163].
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Recent work has shown that transition metals promoted by WOx [164,165] or
NbOx [166–169] can exhibit greatly improved HDO activity and selectivity. In particular,
Pt/C catalysts decorated with either WOx [94,170] or NbOx [171] were shown to be very
selective for the reaction of m-cresol to toluene, even at high H2 pressures. The selectivity
to toluene in these studies was greater than that predicted by equilibrium considerations,
suggesting direct removal of the phenolic oxygen without initial hydrogenation of the
ring. Similar to the alloy catalysts described above, the mechanism for reaction on the
oxide-decorated Pt catalysts is believed to involve oxygen vacancies in the oxide, in close
proximity to the underlying metal sites. This leads to interesting questions about the
nature of the oxide overlayer and the detailed structure of the active sites. Spectroscopic
data indicate that the metal cations which are in contact with the metal are not fully
oxidized [59,171]. Also, there must be an optimal coverage for the oxide overlayer, since
the bulk oxides are not themselves active.
In this regard, niobia is of special interest because Strong Metal Support
Interactions (SMSI) have been observed for metals supported on it [172,173]. SMSI
occurs for metals supported on reducible oxides, like titania and niobia [174,175], when
high-temperature reduction leads to formation of an oxide overlayer on the metal surface.
These overlayers suppress adsorption of CO and H2 but can be at least partially removed
by high-temperature oxidation, allowing the catalysts to return to their non-SMSI state.
Model studies in which niobia or titania were deposited onto Pt foils showed that the
monolayer oxide films formed spontaneously after deposition of oxide multilayers and
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high-temperature treatment in vacuum, implying that the monolayer forms of these
oxides exhibit special stabilities [176,177]. Finally, there are indications that titania also
promotes HDO of cresol [178,179], with at least one study demonstrating that the SMSI
state is more active than the non-SMSI state [178].
In the present study, we examined the HDO of m-cresol over Pt/Nb2O5 in both the
SMSI and non-SMSI states and compared the results to that of Pt/TiO2. In order to
control the surface areas and structures of the catalysts, the Nb2O5 and TiO2 supports
were synthesized by depositing conformal films, 0.7-nm thick, of either Nb2O5 or TiO2
onto a MgAl2O4 support using Atomic Layer Deposition (ALD). What we will show is
that reaction characteristics of Pt/Nb2O5/MgAl2O4 in the SMSI state are distinctly
different from that of Pt or Pt/Nb2O5/MgAl2O4 in the non-SMSI state. While there was
some indication for improved catalytic performance with Pt/TiO2 as well, the effects
were significantly less than what we observed with Nb2O5, implying that the nature of the
metal cations is clearly important in this reaction.

4.2 Experimental Techniques
The MgAl2O4 was prepared by co-precipitation, as described elsewhere [129].
After calcination at 1173 K for 6 h, it was found to have a BET surface area of 153 m2/g
and an X-ray diffraction (XRD) pattern consistent with the spinel structure. The Nb2O5
and TiO2 films were deposited onto the MgAl2O4 by ALD using a home-built, static
system that is described in a previous publication [114]. The precursors for Nb and Ti
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were Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato) niobium (Nb(TMHD)4, Strem
Chemicals, Inc, USA) and titanium chloride (TiCl4, Sigma-Aldrich, USA). For Nb2O5
deposition, the support was evacuated at 493 K and exposed to 2 Torr of Nb(TMHD)4
vapor for 5 min. After removing the excess precursor by evacuation, the sample was
oxidized in a muffle furnace at 873 K for 10 min to fully remove the ligands. For TiO2,
the 5-min exposure to TiCl4 was performed at 423 K and the ligands were removed by
exposing the sample to humidified (12 mol%) air in the ALD system for 5 min. As shown
in Figure 4.1, the sample weights increased linearly with the number of cycles for both
Nb2O5 and TiO2. Based on the weight changes, the growth rates were calculated to be
0.37 × 1018 Nb/m2-cycle (0.018 nm Nb2O5/cycle) and 0.94 × 1018 Ti/m2-cycle (0.029 nm
TiO2/cycle), respectively. The growth rate for TiO2 is in good agreement with previous
measurements [180], while the result for Nb2O5 is similar to that reported for other metal
oxides prepared from precursors that used the same ligands [127]. After the final ALD
cycle, each sample was calcined at 873 K for 3 h to stabilize the structures.
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Figure 4.1 Mass and film thickness growth as a function of ALD cycles on a 153 m2/g
MgAl2O4 powder: (a) Nb2O5 ALD and (b) TiO2 ALD.
Pt was added to the MgAl2O4, Nb2O5/MgAl2O4, and TiO2/MgAl2O4 supports by
one ALD cycle in order to ensure that the metal was initially well dispersed. The
precursor was platinum (II) acetylacetonate (Pt(acac)2, Strem Chemicals, Inc., USA) and
the dosing temperature was 473 K. The ligands were again removed in a muffle furnace
at 773 K. As discussed elsewhere, the growth rate for this precursor is ~1 × 1018 Pt/m2cycle [181], so that a single ALD cycle was sufficient to achieve a Pt loading of between
2 and 5-wt%, depending on the surface area of the support. For comparison purposes, a
Pt/Al2O3 catalyst was also prepared using 1 ALD cycle of Pt(acac)2 onto a γ-Al2O3
(Strem Chemicals, Inc., USA) that had been calcined in air at 1173 K for 24 h. Also, a 4wt% Pt/C catalyst was prepared by incipient wetness onto carbon black (Vulcan XC-72R,
Cabot Corporation, USA), using a tetraammineplatinum (II) nitrate Pt precursor (Pt basis
99.99%, Alfa Aesar) dissolved in a water/ethanol (mass ratio = 3:1) mixture [94]. A list
of the samples and some of their properties are shown in Table 1.
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The Nb2O5 and TiO2 loadings, determined gravimetrically, were
confirmed by X-ray fluorescence (XRF) spectroscopy on an Epsilon 1 analyzer (Malvern
Panalytical Ltd, United Kingdom). The Pt loadings were confirmed by inductively
coupled plasma-optical emission spectrometry (ICP-OES) on a Spectro Genesis
spectrometer with a concentric nebulizer. For the ICP-OES measurements, each sample
(~50 mg) was dissolved in aqua regia at 373 K and then diluted to an appropriate
concentration before analysis. Pt dispersions were measured by CO chemisorption at
room temperature, assuming an adsorption stoichiometry of one CO per surface Pt atom.
Ex situ scanning transmission electron microscopy (STEM) and energy dispersive X-ray
spectra (EDS) were performed with a JEOL JEM-F200 STEM operated at 200 kV. The
powder samples were diluted in ethanol and then deposited onto carbon support films on
copper grids (Electron Microscopy Sciences, USA).
Reaction studies were performed at atmospheric pressure in a continuous flow
reactor similar to that used in previous studies [64]. The reactor was a stainless-steel tube,
200-mm long with 4.6-mm inside diameter, placed horizontally in the tube furnace.
Catalyst was packed between two quartz-wool plugs, with stainless-steel rods inserted at
the two ends to decrease the dead volume. The catalyst loadings were varied between 50
and 130 mg so that the amount of Pt in the reactor was approximately the same in all
cases (100 mg for Pt/Nb2O5/MgAl2O4). The liquid feed to the reactor, pure m-cresol
(99%, Alfa Aesar, USA), was introduced using a syringe pump (KDS 100, KD Scientific
Inc, USA) at a flow rate of 2 mL/h, while a gas flowrate of 8 mL/min pure hydrogen (H2,
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99.999%, Airgas, Inc., USA) was established using a flow controller (FL-3441G, Omega
Engineering Inc., USA). Products were collected by bubbling the reactor effluent through
a vial containing 1.5 mL of n-dodecane (99%, Alfa Aesar, USA) for 2 to 5 min. After
adding 2-propanol (99.9%, Thermo Fisher Scientific Inc., USA) as an internal standard
and cosolvent, product analysis was performed using a GC-MS (QP-5000, Shimadzu),
calibrated using standard solutions of the products. In all cases, the carbon balances were
better than 95%. In a typical measurement, the catalyst was pre-reduced at either 573 K
or 773 K for 1 h in 8 mL/min H2 before addition of m-cresol at the reaction temperature.
Light-off reaction measurements were performed in the same reactor while ramping the
temperature at 1 K/min from 573 K to 643 K.

4.3 Results
The ALD-prepared, Nb2O5/MgAl2O4 and TiO2/MgAl2O4 supports were targeted
to have film thicknesses of 0.7 nm. The film thicknesses in this case were determined
from the BET surface area of the MgAl2O4 and the added masses of Nb2O5 (0.48 g
Nb2O5/g MgAl2O4) and TiO2 (0.47 g TiO2/g MgAl2O4), assuming the films had the same
density as their corresponding bulk oxides. After calcining the supports at 873 K for 3 h,
one ALD cycle of Pt was added, followed by an additional 1-h calcination at 773 K. Key
properties of these catalysts are shown in Table 4.1. The Pt loadings on the
Nb2O5/MgAl2O4 and TiO2/MgAl2O4 supports were lower than that on the bare MgAl2O4
because the amount of Pt deposited by ALD varied with the surface areas.
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Evidence for film uniformity and well-distributed Pt came from STEM/EDS
measurements, with Figure 4.2a) and b) showing images of the Pt/Nb2O5/MgAl2O4 and
Pt/TiO2/MgAl2O4 samples, respectively. The STEM image for Pt/Nb2O5/MgAl2O4 could
not distinguish the presence of Nb2O5 but did show Pt particles roughly 3 nm in size. The
fact that Nb2O5 formed a uniform film was evident from the EDS maps, which
demonstrated that the Nb signal intensity varied with the underlying Mg and Al
intensities. Pt particles on the Pt/TiO2/MgAl2O4 sample were similar in size and the EDS
maps again showed that both Ti and Pt were uniformly distributed over the surface.

68

Figure 4.2 (a) High-angle annular dark-field STEM results for Pt/Nb2O5/MgAl2O4 with
EDS elemental maps of Mg, Al, Nb, and Pt taken from the region indicated by the red
box. (b) High-angle annular dark-field STEM results for Pt/TiO2/MgAl2O4 with EDS
elemental maps of Mg, Al, Ti, and Pt taken from the region indicated by the red box.

Table 4.1 Properties of samples used in this study.
Samples

BET S.A
(m2/g)

Pt/Nb2O5/MgAl2O4 86

Pt/TiO2/MgAl2O4

84

Pt loading
a

(wt%)

2.0

1.6

Pt/MgAl2O4

151

3.9

Pt/Al2O3

123

3.1

Pt/C

223

4.0

Reduction

Pt dispersion b

Temperature

(%)

(K)

Fresh

Regenerated

473

51

37

573

32

26

773

11

6

473

47

573

28

773

17

473/573/773

56

473

53

n.m.

n.m.

26

a

Determined by ICP-OES.

b

Dispersion measured by CO chemisorption after reduction at 473 K.

n.m.: not measured.

The Pt dispersions, determined from room-temperature adsorption of CO, are
reported in Table 4.1. Consistent with the STEM measurements, each of the catalysts
exhibited reasonably high dispersions after reduction at 473 K. However, because niobia-
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and titania-supported catalysts show adsorption suppression following high-temperature
reduction, we also measured dispersions on these catalysts after reduction at 573 K and
773 K. Reduction at 573 K gave rise to a modest reduction in the CO uptakes but
reduction at 773 K decreased the uptakes still further. The effect of reduction temperature
was somewhat reversible on Pt/Nb2O5/MgAl2O4, as demonstrated by the fact that the CO
adsorption could be partially restored by oxidation at 773 K, followed by reduction at the
indicated temperatures (Referred to here as “Regenerated Catalysts”.).
The effect of reduction temperature on the reactivity of Pt/Nb2O5/MgAl2O4 for
HDO of m-cresol was dramatic, as shown in Figure 4.3. This figure shows the conversion
of m-cresol as a function of time on Pt/Nb2O5/MgAl2O4 samples reduced at either 573 K
or 773 K, with results for Pt/MgAl2O4 reported for comparison. The reaction was carried
out at 573 K for 1 h before rapidly raising the temperature to 623 K. The
Pt/Nb2O5/MgAl2O4 reduced at 773 K showed negligible activity (less than 2%
conversion) for m-cresol at 573 K but gave a high conversion when the reactor
temperature was raised to 623 K. Results for Pt/MgAl2O4 were significantly different.
The initial conversion on this catalyst at 573 K was greater than 25% but decreased
rapidly with time. When the temperature was raised to 623 K, the conversion continued
to decline, presumably due to coking of the Pt surface since the activity could be restored
by oxidation of the catalyst at 773 K. Results on Pt/Nb2O5/MgAl2O4 reduced at 573 K
were intermediate between these results. The conversions at 573 K were initially greater
than 45% but decreased with time. Why the initial conversion was higher than that
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observed on Pt/MgAl2O4 is likely related to the increased catalyst bed size for
Pt/Nb2O5/MgAl2O4. (The amount of catalyst was varied so as to maintain a constant
amount of Pt in the reactor.) When the temperature was raised, there was a slight jump in
the conversion, but it remained well below that observed on the same Pt/Nb2O5/MgAl2O4
reduced at higher temperature. These results suggest that the reaction of m-cresol on
unmodified Pt differs from the reaction on NbOx-covered Pt. When Pt/Nb2O5/MgAl2O4 is
reduced at lower temperatures, both modified and unmodified Pt sites are present.

Figure 4.3 Time-on-stream experiments for m-cresol conversion over Pt/MgAl2O4 (●)
and Pt/Nb2O5/MgAl2O4 pre-reduced at 573 K (⨉) and 773 K (◇) for 1 h. Reaction
conditions: m-cresol = 2 mL/h, H2 = 8 mL/min, m-cresol: H2 mol% = 1, temperature
changed from 573 K to 623 K at 1 h on stream.
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In addition to higher rates at 623 K, the 773-K reduced Pt/Nb2O5/MgAl2O4 also
showed better selectivity to toluene compared to Pt/MgAl2O4. Figure 4.4 and Table 4.2
show product distributions for the two catalysts at 623 K. These data were taken 0.5 h
after exposure to the reaction mixture but results immediately after m-cresol exposure
were essentially identical. The Pt/Nb2O5/MgAl2O4 catalyst was 98.7% selective to
toluene, while m-cresol reacted to form small but significant amounts of
methylcyclohexanone/ONE (5.83%) and other side products (5.96% of a mixture of
xylenes, xylenols, phenols or tolylethers) on Pt/MgAl2O4. As shown in Figure 4.5, the
selectivities over the 773-K reduced Pt/Nb2O5/MgAl2O4 did not change with time. The
lower rates and lower selectivities on Pt/MgAl2O4 are not due to MgAl2O4. As shown in
Table 2, conversions and product selectivities on Pt/Al2O3 and Pt/C were very similar to
that observed on Pt/MgAl2O4. Coking on Pt/Al2O3 and Pt/C was also rapid. Finally, the
activity of the Nb2O5/MgAl2O4 support was negligible.
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Figure 4.4 Conversion and selectivity for HDO reactions of m-cresol over Pt/MgAl2O4
and Pt/Nb2O5/MgAl2O4 pre-reduced at 773 K. Reaction conditions: 623 K, m-cresol = 2
mL/h, H2 = 8 mL/min, m-cresol: H2 mol% = 1. Data obtained at 0.5 h on stream.

Table 4.2 Conversions of m-cresol and product distributions for HDO of m-cresol over
various catalysts. Reaction conditions: 623 K, m-cresol = 2 mL/h, H2 = 8 mL/min, mcresol: H2 mol% = 1. Data obtained at 0.5 h on stream.
Selectivity (%)
O

Conversion

R

Others

Catalyst

(%)

Pt/Nb2O5/MgAl2O4 a

47.5

0.05

98.7

0.3

0.3

0.7

Pt/TiO2/MgAl2O4 a

10.0

0.2

94.0

2.6

0.6

2.6

Pt/MgAl2O4

7.1

0.3

87.2

5.8

0

6.6

Pt/Al2O3

7.8

0.2

89.1

3.6

0.5

6.7

Pt/C

4.7

0.7

79.6

14.9

1.1

3.7

R

73

Nb2O5/MgAl2O4 b

0.2

n.d.

31.5

n.d.

16.7

51.8

TiO2/MgAl2O4 c

0.4

n.d.

10.2

n.d.

14.9

74.9

Others: hydrocarbons, cresols, xylenols, tolylethers.
n.d.: not detectable.
a

catalyst pre-reduced at 773 K for 1 h.

b

amount of catalysts used in the reaction same as Pt/Nb2O5/MgAl2O4.

c

amount of catalysts used in the reaction same as Pt/TiO2/MgAl2O4.

Figure 4.5 Time-on-stream experiments for m-cresol conversion over (a)
Pt/Nb2O5/MgAl2O4 pre-reduced at 773 K (b) Pt/MgAl2O4. Reaction conditions: 623 K,
m-cresol = 2 mL/h, H2 = 8 mL/min, m-cresol: H2 mol% = 1. Conversion of m-cresol (■),
selectivity to toluene (●), methylcyclohexane (△), methylcyclohexanone (▽), others (◇).
To demonstrate that the dramatic change in m-cresol conversion with temperature
observed in Figure 4.3 for Pt/Nb2O5/MgAl2O4 was reproducible, light-off reaction
measurements were performed on the 773-K reduced sample, with results reported in
Figure 4.6. In agreement with Figure 4.3, the conversion increased from 7% to 66% when
74

the temperature increased from 600 K to 640 K. The selectivity to toluene also increased
with temperature but was nearly 90% even at the lowest temperatures. It was not possible
to duplicate light-off experiments on Pt/MgAl2O4 because deactivation was so rapid. All
of these results suggest that the reaction on NbOx-covered Pt is distinctly different from
reaction on the unmodified Pt.

Figure 4.6 Light-off profile for Pt/Nb2O5/MgAl2O4 pre-reduced at 773 K. Reaction
conditions: m-cresol = 2 mL/h, H2 = 8mL/min, m-cresol: H2 mol% = 1. Conversion of mcresol (■) and selectivity of toluene (●).

As stated above, the Pt/Nb2O5/MgAl2O4 reduced at 573 K appears to have
both unmodified and NbOx-modified sites. Additional evidence for this is shown in
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Figure 4.7, which shows conversion as a function of time on Pt/Nb2O5/MgAl2O4 samples
reduced at 573 and 773 K, when the temperature is switched between 573 and 623 K.
After reaction for 1 h at 573 K and 1 h at 623 K, the sample reduced at 573 K also
showed negligible activity at 573 K, apparently because the unmodified Pt sites have
undergone deactivation due to coking. When the temperature was returned to 623 K,
conversions on the sample reduced at 573 K were lower than those on the 773-K reduced
sample because there were fewer NbOx-modified sites. Finally, it is important to notice
that the deactivations observed in Figures 4.2 and 4.5 are due to coking and not some
structural change in the catalysts. The activity of this catalyst could be completely
restored by oxidation treatments at 773 K, followed by reduction at either 573 or 773 K,
as demonstrated in Figure 4.8.
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Figure 4.7 Time-on-stream experiments for m-cresol conversion over Pt/Nb2O5/MgAl2O4
pre-reduced at 573 K (⨉) and 773 K (◇) for 1 h. Reaction conditions: m-cresol = 2 mL/h,
H2 = 8 mL/min, m-cresol: H2 mol% = 1, temperature changed from 573 K to 623 K at 1,
3 h on stream, and from 623 K to 573 K at 2, 4 h on stream.

77

Figure 4.8 Regeneration experiment of Pt/Nb2O5/MgAl2O4 pre-reduced at 773 K for mcresol conversion. Reaction conditions: 623 K, m-cresol = 2 mL/h, H2 = 8 mL/min, mcresol: H2 mol% = 1. Conversion of m-cresol (■) and selectivity to toluene (●).
SMSI behavior is most commonly associated with titania-supported metals.
Therefore, the experiments of Figure 4.3 were repeated on Pt/TiO2/MgAl2O4 catalysts
reduced at high and low temperatures, with results shown in Figure 4.9 and Table 4.2.
The physical characteristics of this catalyst, including the Pt dispersions, are shown in
Table 4.1. While there is some indication that TiOx species promote the reaction, the
effects are much more subtle than what was observed with NbOx. When comparing
Pt/MgAl2O4 to Pt/TiO2/MgAl2O4 samples reduced at high and low temperatures at 573 K,
initial conversions were roughly proportional to the exposed Pt. Again, these experiments
were performed with catalyst loadings adjusted in order to maintain a constant amount of
Pt. Conversions were highest on Pt/MgAl2O4, followed by Pt/TiO2/MgAl2O4 reduced at
573 K, with Pt/TiO2/MgAl2O4 reduced at 773 K showing the lowest initial activity.
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Conversions on all three catalysts decreased rapidly. When the temperature was raised to
623 K, the relative activities of the three samples reversed, with the 773-K reduced
Pt/TiO2/MgAl2O4 showing the highest conversion of these three. As shown in Table 4.2,
the selectivities to toluene were also somewhat higher on Pt/TiO2/MgAl2O4 compared to
all the catalysts except Pt/TiO2/MgAl2O4. However, the effects titania and of the
reduction temperature were clearly much less than what that observed with NbOx.

Figure 4.9 Time-on-stream experiments for m-cresol conversion over Pt/MgAl2O4 (●)
and Pt/TiO2/MgAl2O4 pre-reduced at 573 K (⨉) and 773 K (◇) for 1 h. Reaction
conditions: m-cresol = 2 mL/h, H2 = 8 mL/min, m-cresol: H2 mol% = 1, temperature
changed from 573 K to 623 K at 1 h on stream.
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4.4. Discussion
The present results confirm previous reports that niobia promotes the HDO
reaction of m-cresol on Pt [171]. We demonstrate that reaction selectivities and rates are
significantly affected by the presence of NbOx on the Pt. The niobia-promoted catalyst
was also much more stable against coking. The fact that rates on the niobia-covered Pt
were much lower at 573 K and higher at 623 K suggests that the basic character of the
reaction is different on the promoted catalyst. It is also revealing that high-temperature
reduction enhanced the promotional effects of niobia. The Pt particle sizes in this study
were so small that a large fraction of the Pt sites would be adjacent to NbOx species, even
in the non-SMSI state. Furthermore, Pt is expected to be less accessible for reactant
molecules in the SMSI state of the Pt/Nb2O5/MgAl2O4.
Based on previous model studies, the coverage of NbOx species required to
suppress adsorption of CO corresponds to a coverage of 1015 NbOx/cm2 [182]. This value
is sufficiently high that steric hindrance, rather than electronic interactions, are
responsible for suppressed adsorption. Other model studies have shown that the niobia in
contact with the Pt cannot be fully oxidized [171]. Since niobia is not itself active for the
HDO reactions, even when partially reduced, it is surprising that the covered Pt surface is
active. A possible explanation is that niobia forms an overlayer on the Pt with “pin-hole”
gaps. The gaps would have to be large enough for the m-cresol to bond with the Pt but
too small to allow the aromatic ring of m-cresol to lie down. This could explain the
tolerance of the promoted catalyst again coking. A similar mechanism was used to
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explain the high selectivities for HDO of 5-hydroxymethylfurfural over Pt-Co alloys [38].
The authors of that paper suggested that Co was partially oxidized during the reaction,
forming a honeycomb overlayer on the Pt, with reaction occurring at interfacial sites
between Pt and CoOx species.
The fact that Pt/Nb2O5/MgAl2O4 and Pt/TiO2/MgAl2O4 are not identical
demonstrates that the composition of the oxide matters. In previous work with WOx
promotion of Pt for HDO of m-cresol [165,183], it was suggested that WOx is important
for providing acidity. With both niobia and titania, the overlayer oxides will be oxygen
deficient; and, in both cases, the oxides should show Lewis-acid character. How different
these two oxides should be is not clear. Since the presence of an overlayer is important,
the differences between these two oxide promoters may also be in the structure of that
overlayer, rather than in nature of the metal cations.
Finally, it is very unusual to find a promoter that essentially blocks reaction at one
temperature but significantly enhances rates over the unpromoted catalyst at a
temperature only 50 degrees higher. The large change in rates for Pt/Nb2O5/MgAl2O4 in
the SMSI state in going from 573 K to 623 K could imply that the activation energy for
the reaction is higher on the promoted catalyst compared to unpromoted Pt. Alternatively,
since this temperature range approaches that at which the niobia overlayer is formed, it is
possible that the change in rate is somehow related to niobia mobility.
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There is still much to learn about the role of oxide promoters on HDO of mcresol. The ability to move niobia on and off the metal catalyst through oxidation and
reduction pretreatments suggests that this is a potentially useful model system for
studying the promotional effect of oxides more generally.

4.5. Conclusion
High-temperature reduction of Pt/Nb2O5 catalysts formed NbOx overlayers on the
Pt, which in turn promoted the activity, selectivity, and stability of the catalyst for HDO
of m-cresol to toluene compared to Pt on non-SMSI supports. Pt/Nb2O5 reduced at lower
temperatures showed intermediate performance, implying that a complete overlayer is
necessary to place Pt in the more active form. While reduction temperature also caused
minor changes in the reaction over Pt/TiO2, the effects of the support were much less in
this case.
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Chapter 5. Furfural Upgrading by Aldol Condensation with Ketones
Over Solid-Base Catalysts
Abstract
Aldol condensation reactions between furfural and various ketones were studied
in a flow reactor at 373 K and 100 psi for application to upgrading of furfural. Specific
rates for the reaction of acetone and furfural were measured on MgAl2O4, Al2O3,
CaO/MgAl2O4 and MgO/MgAl2O4 and found to be highest on CaO/MgAl2O4. While the
presence of CO2 and H2O did not affect the stability of the CaO/MgAl2O4 catalyst, the
catalyst deactivated over a period of a few hours due to the production of 2-furoic acid
formed by the Cannizzaro reaction. While aldol condensation rates between furfural and
either 2-pentanone and decanal approached that of acetone, rates for 4-heptanone and 2,5heptanedione were significantly lower because the α-hydrogens of the carbonyl
compounds are less easily attacked in these molecules. The selectivity to aldol products is
affected by the relative rates of the aldol-condensation and the Cannizzaro reactions.
Possible strategies for maximizing production of the aldol products with larger ketones
are discussed.
________________________________
This chapter was published as R. Huang, J. Chang, H. Choi, J.M. Vohs, · Raymond, J. Gorte,
Furfural Upgrading by Aldol Condensation with Ketones over Solid-Base Catalysts, Catal. Lett. 2022. 1
(2022) 1–10.
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5.1. Introduction
Upgrading of biomass could be an important means for producing fuels and
chemicals from renewable resources in the future [74,75,184,185]. For a number of these
applications, furfural and 2-hydroxymethylfurfural (HMF), formed by dehydration of C-5
and C-6 sugars, provide attractive starting points for the synthesis of interesting
compounds, including those used to make novel surfactants [186,187] and lube oils [22].
Many of these products require increasing the number of carbons in a controlled manner.
One way to do this is through aldol condensation reactions with ketones [68] that in turn
could be synthesized by ketonization of organic acids derived from triglycerides. For
example, Fakhfakh, et al. reacted acetone with furfural to obtain products with 8 and 13
carbon atoms [73]. In another example, furfural was reacted with 12-tricosanone to form
products with 28 and 33 carbons [22], which, when hydrogenated, could be used to make
lubricants. Although aldol condensations can be catalyzed by either acids or bases, base
catalysis provides more control since acids tend to catalyze oligomerization of furans [64]
and the products formed in the reaction [80,188–191]. Heterogeneous catalysts are
preferred over homogeneous catalysts because they are more easily separated from the
products and less likely to cause corrosion of process equipment.
Although there have been a significant number of studies involving solid bases
[191–193], our understanding of these catalysts and our ability to characterize them is
clearly less developed compared to that for solid acids. Solution-phase concepts, such as
an effective pKb, are almost certainly as inappropriate for describing solid bases as they
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are for describing solid acids [194,195]. The comprehensive review by Ono and Hattori
demonstrated that many oxides have basic character but some of these are more complex
than others [192,196]. For example, while ZrO2 has been used as a base catalyst, it has
also been used as an acid catalyst [197] and for dehydrogenation of alkanes [198] and
amines [199]. By comparison, Mg and Ca are not transition metals, suggesting that their
oxides should be much simpler. Another issue with solid bases is that they may have low
surface areas when used in bulk form. For these and other reasons, homogeneous bases,
such as solution-phase NaOH, remain the primary catalysts for most aldol-condensation
applications.
Most aldol condensation studies employing solid bases have focused on the
reaction of small ketones, primarily acetone [76,200–202] or cyclopentanone [81,203–
206]; but applications, including the production of larger molecules that could be used to
make lube oils [3], may require the use of larger ketones. It is not clear how well results
from acetone relate to the larger ketones. Also, few studies have been carried out in flow
reactors which allow determination of catalyst stability and of catalyst deactivation
mechanisms. Therefore, in the present study, we set out to examine aldol condensation
reactions of furfural with a range of carbonyl-containing reactants in a flow reactor. For
simplicity, we have focused on CaO and MgO as catalysts, supported on MgAl2O4 to
maintain a high surface area. To ensure that the MgAl2O4 support was uniformly covered,
the CaO and MgO were added to the support by Atomic Layer Deposition (ALD). The
results demonstrate that the reactivity of ketones with furfural varies dramatically with
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the nature of the hydrogens in the α position to the carbonyl. Catalysts were found to
deactivate with time, primarily due to the presence of organic acids that form by
disproportionation of furfural in the Cannizzaro reaction.

5.2. Experimental Section
A list of the catalysts used in this study, together with some of their properties, is
shown in Table 1. The MgAl2O4 (Sasol, Puralox MG 26/100) was used directly without
further treatment, while the Al2O3 (γ-Al2O3, Strem Chemicals, Newburyport, MA, USA)
was stabilized by calcination in air at 1173 K for 24 h prior to use. For each sample, the
MgO or CaO loadings were targeted to give an average film thickness of 0.3 nm,
assuming that the films were uniform and had the same density as the bulk oxides.
Table 5.1 Samples used in this study.
Samples

BET S.A.

Metal Oxide Loading

(m2/g)

(wt %)

MgAl2O4

96

n.a.

CaO/MgAl2O4

64

9.3 wt%

MgO/MgAl2O4

78

9.8 wt%

imp-CaO/MgAl2O4

68

9.3 wt%

Al2O3

120

n.a.

n.a.: not applicable.
The CaO/MgAl2O4 and MgO/MgAl2O4 samples were prepared by ALD using
equipment and procedures that have been described in detail elsewhere [207,208].
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Briefly, the evacuated, MgAl2O4 powder was first exposed to a few torr of one of the
precursors, either Bis(2,2,6,6-tetramethyl-3,5-heptanedionato)calcium (Ca(TMHD)2,
Strem Chemicals, Inc, USA) or Bis(2,2,6,6-tetramethyl-3,5-heptanedionato)magnesium
dihydrate (Mg(TMHD)2, Strem Chemicals, Inc, USA), for 5 min at 553 K. After
evacuation of the precursor, the sample was calcined in air at 873 K in a muffle furnace
for 10 min to remove the ligands. This procedure was repeated until the desired loading
was achieved. Growth rates were determined gravimetrically using the data shown in
Figure 5.1 of the Supplemental Information. Following deposition of both Ca and Mg, the
sample weights increased linearly with the number of ALD cycles. Assuming the density
of the films is the same as that of the bulk materials, specific growth rates can be
calculated from the MgAl2O4 surface area and the slope of the lines in Figure 5.1. For Ca,
which forms CaCO3 under these conditions, the growth rate was 6.6 × 1017 Ca/m2-cycle
(0.041 nm CaCO3/cycle, equivalent to 0.019 nm CaO/cycle); for Mg, which deposits as
MgO, the growth rate was 9.6 × 1017 Mg/m2-cycle (0.018 nm MgO/cycle). These values
are in good agreement with previous reports from the literature, 0.044 nm CaCO3/cycle
[209] and 0.022 nm MgO/cycle [210]. After the final ALD cycle, each sample (~0.4 g)
was calcined in 10-mol% O2 in He (total flow rate 100 mL/min) at 1073 K for 3 h to
stabilize the structures.

87

Figure 5.1 Mass and film thickness growth as a function of ALD cycles on a 96 m2/g
MgAl2O4 support: (a) CaO ALD and (b) MgO ALD.

For the imp-CaO/MgAl2O4 sample, 2.0 g of MgAl2O4 powder was added to an
aqueous solution consisting of 0.865-g calcium nitrate tetrahydrate (99%, Sigma-Aldrich)
in 2.5-g deionized water. After holding the sample for 2 h at room temperature, it was
dried in an oven at 333 K for 12 h, then calcined in 10-mol% O2 at 1073 K for 3 h to
decompose the salt.
BET surface areas were obtained using N2 adsorption at 78 K on a TriStar II 3020
surface area and porosity analyzer (Micromeritics Instrument Corporation, U.S.A.).
Temperature programmed desorption/thermogravimetric analysis (TPD/TGA)
experiments were carried out on 20-mg samples placed in the sample pan of a CAHN
2000 microbalance that could be evacuated with a turbomolecular pump [211]. After
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exposing the sample to a few torr of the adsorbate of interest, followed by 1-h evacuation,
the temperature of the samples was ramped at 10 K/min while monitoring the partial
pressures using a quadrupole mass spectrometer (SRI RGA-100).
Aldol condensation reactions were performed using a continuous flow reactor
made from a stainless-steel tube, 200-mm long and 4.6-mm inside diameter, inserted into
a vertical tube furnace [94]. The catalyst samples were placed in the stainless-steel tube
and held in place with quartz-wool swabs. Stainless-steel rods, 4-mm diameter, were
inserted at the two ends of the reactor to decrease the dead volume. With this
configuration, the volume between the catalyst bed and the outlet from the back-pressure
regulator was ~ 0.5 mL. The liquid feed was introduced to the reactor in upward flow,
using an HPLC pump (Series I+, Scientific Systems Inc., USA). The pressure in the
reactor was controlled by a back-pressure regulator (U-607/608/609, IDEX Health &
Science LLC., USA) at the reactor exit. In a few cases where lower flow rates were
required, experiments were performed at atmospheric pressure in an identical reactor with
a syringe pump (KDS 100, KD Scientific Inc, USA) to introduce the liquid feed. The
furfural concentration in the feed was either 1.22 mol/L or 0.12 mol/L, and the ratio of
ketones or aldehydes to furfural were in the range of 0.5 to 10.
Product analysis from the reactions was performed using a GC-MS (QP-5000,
Shimadzu), calibrated with standard solutions of the products. Unless otherwise stated,
conversions were measured at 0.5 h after catalyst regeneration. In most experiments, ndecane was added to the furfural (5-mol% relative to the furfural) as an internal standard.
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The carbon balances were usually better than 93%, although lower carbon balances were
observed in the reactions of 4-heptanone and 3,5-heptanedione with furfural, for reasons
that will be discussed. At the beginning of each experiment, catalysts were pretreated in
30 mL/min helium (He, 99.999%, Airgas, Inc., USA) at 873 K for 30 min to remove
adsorbed water and CO2 and then cooled to room temperature.
The reusability of the catalysts was investigated under the conditions of acetone to
furfural with a molar ratio of 10:1 and 373 K for 7 h. After each use, the catalysts were
dried at 333 K for 1 h and regenerated in 10 mol% O2 in He at a total flow rate of 100
mL/min at 1073 K for 2 h.
Homogenous reactions were conducted in a 20 mL glass vials with controlled
stirring. In a standard reaction, 2.17 g furfural, ketones (0.658 g acetone, 0.976 g 2pentaone, 1.29 g 4-heptanone or 1.45 g 3,5-heptandione), 12.6 g methanol, 0.632 g
sodium hydroxide and 0.217 mL dodecane were combined, resulting in a 1M NaOH
concentration as the previous report [22]. To avoid the heat from the dissolution of
NaOH, it was firstly prepared as a 2 M NaOH in methanol and then mixed with the
solution containing all the remaining materials. Temperature and stirring rate were
maintained at 293 K and 500 rpm respectively. After 0.5 h of reaction, the product
solutions were neutralized with 1M HCl in methanol, diluted from 38 wt % HCl (Fisher
Chemical) with methanol. The insoluble NaCl precipitations were filtered with a syringe
filter. (0.2 μm, Titan3™ PTFE, Thermo Scientific). The remaining liquid was analyzed in
the same way as the one from the heterogeneous catalysis.
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Unless otherwise stated, all reagents were purchased and used without further
purification, including furfural (99%, Sigma-Aldrich), acetone (99.8%, Fisher Chemical),
2-pentanone (98%, Sigma-Aldrich), 4-heptanone (98%, Alfa Aesar), 3,5-heptanedione
(97%, TCI America), decanal (98%, Sigma-Aldrich), n-decane (99+%, Alfa Aesar),
toluene (99.9%, Fisher Chemical), methanol (99.9%, Fisher Chemical), ethanol (99.9%,
Decon Labs, Inc.), and benzene (99.8%, Sigma-Aldrich).

5.3. Results
5.3.1 Sample Characterization
XRD patterns of the CaO/MgAl2O4, imp-CaO/MgAl2O4, and MgO/MgAl2O4
samples are shown in Figure 5.2. In addition to the diffraction peaks for MgAl2O4, asprepared CaO/MgAl2O4 exhibited peaks associated with CaCO3. After calcination in O2He mixtures at 1073 K, the CaCO3 peaks were replaced by those for CaO. The diffraction
pattern for MgO/MgAl2O4 showed small peaks for MgO in the as-prepared sample and
there were no observable changes after calcination, consistent with the lower stability of
MgCO3 relative to CaCO3. Figure 5.2 also showed that the diffraction pattern for impCaO/MgAl2O4 after calcination to 1073 K is essentially identical to that of the ALDprepared sample. In previous work comparing supported oxides prepared by ALD or
infiltration [212], the XRD peak intensities for the supported phase were much less for
ALD-prepared materials. The explanation for this was that the thicknesses of films
formed by ALD were less than the coherence length of the x-rays, while the characteristic
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size of the three-dimensional particles formed by infiltration were not. The fact that the
XRD patterns for the CaO-based catalysts were so similar suggests that the morphology
of films may also be similar.

Figure 5.2 XRD patterns of (a) CaO on MgAl2O4 and (b) MgO/MgAl2O4. (a): (i)
unmodified MgAl2O4; (ii) as-prepared CaO/MgAl2O4 before 1073 K calcination; (iii)
CaO/MgAl2O4; (iv) imp - CaO/MgAl2O4. (b): (i) unmodified MgAl2O4; (ii) as-prepared
MgO/MgAl2O4 before 1073 K calcination; (iii) MgO/MgAl2O4.

The TPD-TGA data for 2-propanol, reported in Figure 5.3, provide evidence that
the alkaline-earth oxides exist as uniform films on the MgAl2O4 support. The data
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obtained on MgAl2O4, Figure 5.3a), shows that the 2-propanol coverage after roomtemperature exposure and 1-h evacuation was approximately 580 μmol/g, or 3.6×1018
molecules/m2. This is close to the value expected for a close-packed monolayer, implying
that the entire surface was probed by the 2-propanol. Upon ramping the temperature,
some 2-propanol (m/e = 41, 43, and 45) left the surface unreacted below 450 K; however,
approximately half of the adsorbed species desorbed as propene (m/e = 41) and water
(not shown) in a sharp feature at around 500 K, suggesting the MgAl2O4 has acidic
character.
The analogous TPD-TGA results for 2-propanol on the supported MgO and CaO
catalysts were quite different. The initial coverage on the MgO/MgAl2O4, 500 μmol/g in
Figure 5.3b), was lower due to the lower specific surface area; and about half of the
alcohol again left the sample unreacted below 450 K. However, the remaining adsorbed
alcohol desorbed as a mixture of propene and acetone (m/e = 43) at about 580 K. The
sharp propene feature at 500 K that was observed on MgAl2O4 is completely absent,
implying that the substrate was effectively covered by the MgO film. The presence of
acetone in the desorption products is clear evidence of the basic properties of the MgO.
TPD-TGA results for the CaO/MgAl2O4 and imp-CaO/MgAl2O4 samples, Figure 5.3c)
and d), were different from that of MgAl2O4 in that the propene and acetone peaks were
shifted to slightly higher temperatures, ~620 K. The propene:acetone ratio was also
slightly higher based on the ratio of peaks at m/e = 41 and 43 on the Ca-containing
samples. The fact that the MgAl2O4 surface was covered so effectively by each of the
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alkaline earths, whether added by ALD or impregnation, implies that there must be
favorable interactions between these oxides and the support which cause the oxides to
form a film rather than three-dimensional particles. If large, three-dimensional particles
had formed, there would have been insufficient amounts of the alkaline earths to
completely cover the support.

Figure 5.3 TPD-TGA of 2-propanol on (a) MgAl2O4, (b) MgO/MgAl2O4, (c)
CaO/MgAl2O4, (d) imp-CaO/MgAl2O4. The TPD peaks correspond to propene (m/e =
41), acetone (m/e = 43), and unreacted 2-propanol (m/e = 41, 43, and 45).

5.3.2 Catalytic Performance
The reactions of interest for this study are shown in Scheme 5.1. Because the
product of the initial aldol condensation reaction is a ketone, a second furfural molecule
can react with that ketone to form a larger product. The other reaction observed in this
study is the Cannizzaro reaction of two furfural molecules to form an alcohol and a
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carboxylic acid. This undesirable side reaction appears to be a major reason for catalyst
deactivation in this process, as will be discussed later.

Scheme 5.1 Mechanism of aldol condensation of furfural with carbonyl compounds over
CaO/MgAl2O4.

5.3.2.1 Reactions of Acetone and Furfural
The reaction of furfural and acetone, shown in Scheme 5.2 Mechanism of aldol
condensation of furfural with acetone. FAc-OH: 4-(furan-2-yl)-4-hydroxybutan-2-one.
FAc: 4-(2-Furyl)-3-buten-2-one. F2Ac-OH: 1,5-di(furan-2-yl)-5-hydroxypent-1-en-3-one.
F2Ac: 1,4-pentadien-3-one, 1,5-di-2-furanyl., served as a more detailed illustration of
aldol condensations for these reactants. Furfural and acetone first form the 8-C product,
4-(furan-2-yl)-4-hydroxybutan-2-one (FAc-OH), which rapidly dehydrates into 4-(2furyl)-3-buten-2-one (FAc). FAc can then react with another furfural molecule and form
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the 13-C product, 1,5-di(furan-2-yl)-5-hydroxypent-1-en-3-one (F2Ac-OH), which
subsequently dehydrates into 1,4-pentadien-3-one, 1,5-di-2-furanyl (F2Ac). F2Ac-OH was
not observed in our study, indicating that the dehydration step is fast in this case.

Scheme 5.2 Mechanism of aldol condensation of furfural with acetone. FAc-OH: 4(furan-2-yl)-4-hydroxybutan-2-one. FAc: 4-(2-Furyl)-3-buten-2-one. F2Ac-OH: 1,5di(furan-2-yl)-5-hydroxypent-1-en-3-one. F2Ac: 1,4-pentadien-3-one, 1,5-di-2-furanyl.

Furfural conversion rates for the reaction of acetone and furfural at 373 K are
shown for each of the catalysts in Figure 5.4. In these experiments, the acetone:furfural
mole ratio was 10 and the pressure was 100 psi in order to ensure the reaction occurred in
the liquid phase. The amounts of catalyst and feed flow rates were tuned to keep the
furfural conversion below 20% and conversions were measured 0.5 h after introducing
the feed so as to avoid the effects of deactivation. Under these conditions, the product
selectivities were found to be similar for each of the catalysts, with the concentrations of
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8-C products being higher than that of the 13-C product by at least a factor of 6. The two
CaO-based catalysts showed the highest rates, with the ALD-prepared sample,
CaO/MgAl2O4, showing slightly higher rates compared to the sample prepared by
impregnation, imp-CaO/MgAl2O4. Somewhat lower rates were found on MgO/MgAl2O4,
followed by much lower rates on MgAl2O4 and Al2O3.

Figure 5.4 Aldol reaction rates of furfural with acetone on various supports based on the
catalysts surface area. Reaction rate is expressed in the consumption of furfural.
Conditions: 373 K, 100 psi, 1.22 mol/L furfural in acetone, acetone: furfural mol % =
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10:1. The amounts of catalysts and the liquid flow rate were tuned to ensure a conversion
< 20%. Data obtained at 0.5 h on stream.

During these studies, the rates on each the catalysts were found to decrease by
about 10% per hour. The mechanism for deactivation appears to be poisoning of the
catalysts by formation of 2-furoic acid by the Cannizzaro reaction. The evidence for this
is as follows. First, ~0.2 % furfuryl alcohol, the other product formed in the Cannizzaro
reaction, was observed in the product stream at high furfural conversions. Second, while
intentional exposure of the CaO/MgAl2O4 catalyst to CO2 or water in the feed had no
effect on the rate of deactivation, adding 5% acetic acid to the furfural dramatically
increased the rate of deactivation, as shown in Figure 5.5. The catalyst effectively acted
as a trap, adsorbing the acid from the feed stream. Purification of the furfural, in the
absence of added acetic acid, by passing it over a bed of CaO at room temperature prior
to feeding it to the reactor had no effect on the deactivation rate, implying that impurities
in the feed were not to blame. Third, the deactivated catalyst could be regenerated by
simply heating it to 873 K in flowing He, whereas humin formation with polyaromatics
would be expected to require oxidation for regeneration. Reaction and 2-propanol TPD
results for the catalyst following several regeneration cycles are shown in Figure 5.6. The
importance of the Cannizzaro reaction in deactivation of base catalysts has been reported
previously [213].
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Figure 5.5 Time on stream measurements for aldol condensation with different treatment
on the furfural. Conversion is expressed in terms of furfural. Reaction conditions: 0.1 g
CaO/MgAl2O4, 373 K, 100 psi, 0.5 mL/min (1.22 mol/L furfural in acetone). Furfural
used as received (■), furfural precleaned by CaO/MgAl2O4 (○), solution passed through a
column packed of CaO/MgAl2O4 (◬), 5 mol% acetic acid added to furfural (▽).
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Figure 5.6 Reusability of CaO/MgAl2O4 on the aldol condensation. (a) Conversion and
selectivity of furfural. Reaction conditions: 0.1 g CaO/MgAl2O4, 373 K, 100 psi, 0.5
mL/min solution (1.22 mol/L furfural in acetone, acetone: furfural mol % = 10: 1). FAcOH (undehydrated C8), FAc (dehydrated C8), F2Ac (dehydrated C13). Data obtained at
0.5 h on stream. The bottom right table listed the surface area fresh and regenerated
CaO/MgAl2O4. (b) TPD-TGA of 2-propanol on CaO/MgAl2O4 after 5 times of
regeneration in O2 at 1073 K.
Additional evidence that poisoning of the catalyst is due to exposure to an organic
acid is shown by the TPD results on the CaO/MgAl2O4 sample in Figure 5.7. The data in
Figure 5.7a) was obtained following room-temperature exposure to acetic acid. Following
evacuation, no unreacted acetic acid was observed leaving the surface. The peaks at 630
K correspond to acetone (m/e = 43, 58) and CO2 (m/e = 44), formed by the ketonization
reaction. TPD data obtained on the sample after deactivation during reaction of furfural
with acetone, Figure 5.7b), show desorption in a similar temperature range. Although the
desorption products were more complex, products containing furan rings (m/e = 39) and
CO2 (m/e = 44) could be identified.
Although we did not see evidence for humin formation with acetone and furfural
at 373 K, there was evidence for the polymerization of the reactants at higher
temperatures. In reaction experiments performed at 423 K and 100 psi on the
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CaO/MgAl2O4 catalyst, the back-pressure regulator became blocked within a few hours
of operation. This implies that high-molecular-weight products were formed at these
higher temperatures. Therefore, all subsequent rate measurements were performed at 373
K.

Figure 5.7 TPD of (a) acetic acid on fresh CaO/MgAl2O4, (b) used CaO/MgAl2O4. The
TPD peaks correspond to acetone (m/e = 43, 58), CO2 (m/e = 44), and furan ring
fragment (m/e =39).

Because there are reports that higher pressures can affect the rates and catalyst
stabilities [94,214,215], the effect of varying the pressure between 100 and 500 psi was
investigated with the CaO/MgAl2O4 catalyst at 373 K, with results reported in Figure 5.8.
Figure 5.8(a) shows that the conversions and selectivities were unaffected by pressure;
the catalyst deactivation rates also did not change with pressure, as indicated by Figure
5.8(b).
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Figure 5.8 Effect of pressure on conversion, selectivity, and stability of aldol
condensation of furfural and acetone. Conversion and selectivity are expressed in terms
of furfural. Reaction conditions: 0.1 g CaO/MgAl2O4, 373 K, 100 psi, 250 psi or 500 psi,
0.5 mL/min solution (1.22 mol/L furfural in acetone, acetone: furfural mol % = 10: 1). (a)
FAc-OH (undehydrated C8), FAc (dehydrated C8), F2Ac (dehydrated C13), data obtained
at 0.5 h on stream; (b) conversions of furfural, Pgauge = 100 psi (■), 250 psi (○), and 500
psi (◬).

Reactions with ketones significantly larger than acetone require the use of a
solvent; therefore, the reaction of acetone and furfural was investigated in a range of
solvents. Table 5.2 reports the rates of furfural conversion together with the products
formed when the reactions were carried out with a fixed residence time on the
CaO/MgAl2O4 catalyst at 373 K and 100 psi. The higher conversion when acetone was
used as both the solvent and the reactant is simply due to the higher concentration of this
reactant. The higher furfural conversion with methanol is due to the parallel reaction of
furfural with methanol to form 2-furaldehyde dimethyl acetal. The acetalization of
ethanol and furfural was also observed. While acetalization complicates the overall
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process, it did not prevent the formation of the aldol products. More importantly for this
study, the conversions and selectivities to the 8-C (FAc-OH and FAc) and 13-C (F2Ac)
products were similar for the solvents that are non-reactive, benzene and toluene. Since
the larger ketones are readily soluble in toluene, toluene was used in all studies with
larger ketones, unless otherwise stated.
Table 5.2 The conversions and selectivities of furfural to aldol products (FAc-OH, FAc,
and F2Ac) and side products (acetals). Reaction conditions: 0.1 g CaO/MgAl2O4,373 K,
100 psi, 0.5 mL/min solution (1.22 mol/L furfural), acetone: furfural mol % = 10:1
(acetone as solvent) or 1: 2. Data obtained at 0.5 h on stream.
Solvent

Conversions of Furfural

Selectivity of Furfural (%)

(%)

FAc-OH

FAc

F2Ac

Acetals

Methanol

37

5

16

53

27

Ethanol

19

12

23

33

32

Benzene

19

13

25

62

0

Toluene

20

6

37

57

0

Acetone

74

11

82

7

0

Finally, to better understand the reaction sequence in Scheme 5.2, the conversions
and product distributions for the reaction of acetone and furfural (mole ratio of 2:1) in
toluene over CaO/MgAl2O4 were measured as a function of reactor space time, with
results shown in Figure 5.9Figure 5.9 Concentrations of reactants (acetone and furfural)
and products (C8, C13). Reaction conditions: 373 K, 100 psi, 0.5 mL/min solution (1.22
mol/L furfural in toluene), acetone: furfural mol % = 1: 2. Data obtained at 0.5 h on
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stream.. (In this plot, the 8-C products have been combined.) Both the acetone and
furfural concentrations decreased continuously with contact time, as expected. While the
concentration of 8-C products goes through a maximum at intermediate space times, the
rapid rise in the concentration of F2Ac indicates that FAc is more reactive than furfural,
making F2Ac the preferred product, even at moderate conversions.

Figure 5.9 Concentrations of reactants (acetone and furfural) and products (C8, C13).
Reaction conditions: 373 K, 100 psi, 0.5 mL/min solution (1.22 mol/L furfural in
toluene), acetone: furfural mol % = 1: 2. Data obtained at 0.5 h on stream.
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5.3.2.2 Reactions of Furfural with other Ketones and Aldehydes
For synthesis of compounds to be used in lube-oil applications, it is necessary to
examine larger ketones and aldehydes. Reactions were again carried out at 373 K and 100
psi over the CaO/MgAl2O4 catalyst, using toluene as the solvent. The results are
summarized for several representative molecules in Table 5.3. These data show that the
furfural conversion rates measured under conditions of differential conversion varied
dramatically with the position of the carbonyl group. Rates with 4-heptanone, which has
n-propyl groups on each side of the carbonyl carbon, were at least 20 times lower than
those for acetone, which has methyl groups on each side. This understates the difference
between 4-heptanone and acetone, since 85% of the furfural that reacted in the presence
of 4-heptanone formed furfuryl alcohol through the Cannizzaro reaction, rather than the
desired aldol product. We were able to increase production of the aldol products with 4heptanone by increasing the concentration of the ketone, as shown in Figure 5.10a). As
demonstrated by Figure 5.10b), the reaction is approximately first-order in the ketone
concentration [82]. Interestingly, rates with 2-pentanone, which has an n-propyl group on
one side of the carbonyl and a methyl group on the other, were also approximately half
that of acetone. Finally, the low rates with 4-heptanone are not simply due to the size of
the molecule, since rates for decanal approached those for acetone.
Table 5.3 The consumption rate of furfural and the product selectivities on
CaO/MgAl2O4. Conditions: 373 K, 1 bar, 1.22 mol/L furfural in toluene, ketones: furfural
mol% = 1: 2, aldehydes: furfural mol% = 1: 1. The reactions were conducted in
differential conditions with conversions < 20%.
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Furfural
Linking
Molecules

Selectivity of Furfural (%)

Consumption Rate
mmol/(h·gcat)

Aldol Products

Furfuryl Alcohol

Acetone

7.1

97

3

2-Pentanone

2.2

89

11

Decanal

3.8

98

2

4-Heptanone

0.31

15

85

2,5-Heptanedione

0.34

30

70

Figure 5.10 (a) Conversion of furfural and product selectivities as a function of reactants
molar ratios. (b) overall reaction order with respect to the concentration of 4-heptanone.
Reaction conditions: 0.2 g CaO/MgAl2O4, 373 K, 1 bar, 1 mL/h (0.12 mol/L furfural in
toluene).

It appears that rates for the Cannizzaro reaction are unchanged by the nature of
the ketone, becoming dominant when the aldol condensation rates are low. Based on the
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data in Table 5.3, the fraction of furfural that formed furfuryl alcohol roughly followed
the decrease in the reactivity of the ketone or aldehyde. This is also observed in the
reaction of n-heptanone. In that case, the rate of catalyst deactivation, shown in Table 5.4,
decreased with increasing concentration of 4-heptanone. Because the Cannizzaro reaction
is responsible for deactivation of the catalyst, this parallel reaction sets a limit on what
aldol reactions can be performed. It is not possible to simply increase the residence time
of the reaction to increase rates for aldol reactions with furfural, because it will simply be
consumed by the other reaction path.
Table 5.4 Effect of the concentration of 4-heptanone on the deactivation during aldol
condensation. Rates are expressed in terms of furfural. Conditions: 0.2 g CaO/MgAl2O4,
373 K, 1 bar, 1 mL/h (0.12 mol/L furfural in toluene).
Molar Ratio

Initial Rates

Rates at 2 h

4-Heptanone: Furfural

Deactivation
1
mmol/(h·gcat) mmol/(h·gcat) Factor

1:2

0.030

0.002

0.067

3:2

0.079

0.012

0.15

5:2

0.137

0.030

0.22

10:2

0.220

0.075

0.34

The reason for the lower rates with the larger ketones is not due to the
thermodynamic stability of the enol forms but rather to the fact that the α-hydrogens of
the carbonyl compounds are more easily attacked when the carbonyl group is near the
ends of the hydrocarbon chain. This is demonstrated by the data in Table 5.5, which
compares the relative thermodynamic stabilities of the enols to the relative aldol
condensation rates on CaO/MgAl2O4 and in NaOH-methanol solutions. The enol form of
acetone has the lowest thermodynamic stability among the carbonyl compounds we
tested, even though its reaction rate was the highest. 4-Heptanone and 2,5-heptandione
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have more stable enol forms than acetone, but their rates on CaO/MgAl2O4 were at least
20 times slower than acetone. Comparing decanal with the long-chain ketone or diketone,
decanal exhibited much higher aldol condensation rates.

Table 5.5 Comparison of different carbonyl compounds in terms of thermodynamic
stability of enol form, aldol condensation rate of heterogenous catalysts CaO/MgAl2O4
and of homogenous catalysts NaOH/methanol.
Thermodynamic
Stability1

Enolization Reactions
O

R

R

H

O

R

C
H2

R

R

O

R

R

CH3

O

O

R

C
H2

R

R

Heterogenous
Rate2

OH

n.m. 4

H

OH
C
H

Homogenous
Rate3
highest

R

slowest

OH
CH2

OH

O
C
H

R

1

Data obtained from computation and listed in more details in Table 5.6. [82]

2

Obtained from Table 5.3.

3

See Table 5.7 for the numerical values.

4

Not measured.

Table 5.6 Computational equilibrium constants for enolization. [216]
Enolization Reaction
O

OH
H

H

O

OH
H

H

ΔG°gas (kcal/mol)

ΔGaqueous (kcal/mol)

10.21

8.97

7.70

6.63
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OH

O

11.93

O

OH

11.43

11.22

O

OH

11.53

10.58

9.91

9.19

-1.26

1.73

OH

O

R

12.36

O

O

R

R

O

OH

R

Table 5.7 Conversions of furfural and the product selectivity in aldol condensation using
NaOH/Methanol. Conditions: 293 K, 1 bar, 1.42 mol/L furfural, ketones: furfural mol% =
1: 2, 0.5 h.
Linking
Molecules

Furfural
Conversion

Selectivity (%)

(%)

Aldol
Products

Furfuryl Alcohol

Acetala

Noneb

10

n.d.c

86

14

Acetone

92

99.5

0.3

0.2

2-Pentanone

68

94

5

1

4-Heptanone

23

74

19

7

2,5-Heptanedione

22

87

9

4

a

2-Furaldehyde dimethyl acetal.
Furfural only.
c
Not detectable.

b

5.4 Discussion
Aldol condensation reactions are potentially attractive for increasing the
molecular weight of biomass-derived molecules in a controlled manner. While the
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reaction has been demonstrated with smaller ketones on both homogeneous and
heterogeneous base catalysts, there has been relatively little work with larger ketones that
would be needed to produce lube oils and some other high-molecular-weight products.
The lower reactivity of larger ketones for aldol condensation reactions is well known but
low reaction rates can be compensated for by longer reaction times. What the present
work demonstrates is that conversion of the furfural to 2-furoic acid and furfuryl alcohol,
along with the poisoning by the parallel Cannizzaro reaction limits what one can achieve
by increasing the residence time. This is likely a problem for both homogeneous and
heterogeneous catalysts.
In this study the use of a flow reactor was key for identifying the importance of
the Cannizzaro reaction and the subsequent deactivation of the catalyst by 2-furoic acid.
While laboratory studies of liquid-phase reactions are typically carried out in batch
reactors, it is difficult to measure rates under differential conditions in a batch reactor.
Monitoring changes in the catalyst activity is also difficult in a batch reactor.
It is important to ask how one can maximize the production of aldol products with
furfural. Based on our observation that increasing the ketone:furfural ratio increases the
fraction of the furfural that goes toward the aldol product, the furfural reaction order for
the Cannizzaro reaction must be higher than its reaction order for the aldol-condensation
reaction. While there are limits to how high the ketone concentration can be, it may be
possible to keep the furfural concentration low. For example, this could be accomplished
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in a semi-batch reactor by slowly feeding furfural to the ketone or in a flow reactor with
recycle.
Under the reaction conditions of the present study, the CaO/MgAl2O4 catalyst
appears to be very stable. The deactivation that occurs by adsorption of the acid is easily
reversed by heating in an inert environment. The presence of water and CO2 do not
appear to affect the activity. High surface areas can be achieved through the use of a
support.
For reasons discussed in the Introduction, the work reported here focused on
alkali-oxide catalysts but other solid bases are able to carry out aldol condensation
reactions. While both the aldol-condensation and the Cannizzaro reactions are basecatalyzed, it is possible that the relative rates of these two reactions could be different for
different bases or that other bases would be less susceptible to poisoning by the acid.
Changing the ratio of rates for those two reactions should be a major goal for producing
useful chemicals from furfural.

5.5 Conclusion
In this work, we have demonstrated that supported, CaO films can be active for
the base-catalyzed reactions of furfural and ketones. The specific rates for the aldol
reactions are highest for smaller ketones and aldehydes which have α-hydrogens next to
the carbonyl compounds that are more easily attacked. The selectivity to the desired aldol
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products is largely controlled by the ratio of rates for the aldol-condensation and
Cannizzaro reactions and catalyst poisoning is due to production of 2-furoic acid in the
Cannizzaro reaction.
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Chapter 6. Endothermic Reactions of 1-Propanamine on a Zirconia
Catalyst
Abstract
Cooling of critical engine components is important for hypersonic aircraft and
endothermic reforming reactions on the fuel could play an important role by taking up
some of the heat. Here, we propose using alkylamines that dehydrogenate to nitriles and
H2 over ZrO2 catalysts as the endothermic fuel. Temperature programmed desorption
(TPD) revealed that 1-propanamine on ZrO2 undergoes dehydrogenation at temperatures
below 600 K. At 723 K and below, the selectivity to form H2 and propionitrile is greater
than 90%. Heat measurements at 60 bar show heat uptakes as large as 2000 kJ kg-1 of fuel
reacted could be achieved at 723 K. Side reactions at higher conversions and
temperatures lowered this value but values above 1000 kJ kg-1 were still obtained at
nearly 100% conversion of the amine. The observation of a significant endothermic effect
suggests that the unconventional functional groups in the fuels merit further investigation
to achieve a more profound chemical heat sink. Possible ways to apply this approach are
discussed.

________________________________
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This chapter was published as T. Cao, R. Huang, R.J. Gorte, J.M. Vohs, Endothermic reactions of
1-propanamine on a zirconia catalyst, Appl. Catal. A Gen. 590 (2020) 117372.
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6.1. Introduction
Thermal protection of critical engine components is of great importance in
hypersonic aircraft that reach speeds exceeding Mach 5, since air cooling is not effective
at these speeds[217–219]. For this application, it is often proposed to use the fuel as the
coolant. The fuel lines pass over the engine components and the fuel can then take up
heat before entering the combustion chamber. It has been proposed to use liquid H2 as the
fuel to maximize the amount of cooling that can be achieved [220], but the use of a more
conventional liquid aviation fuel is desired. The limiting factor when using a hydrocarbon
is that fuel can only be heated to the point at which decomposition of the fuel leads to tar
formation and plugging of the fuel lines. In many cases, the energy transferred to the fuel
in heating to these temperatures is insufficient.
One method for enhancing the amount of heat that can be removed by the fuel
involves performing endothermic reactions on the fuel [221]. The simplest of these is
homogeneous, thermal cracking [219]. While this method is effective, the amount of heat
that can be removed is modest, and the reactions are similar to those that cause tar
formation and plugging of fuel lines. Dehydrogenation reactions over precious-metal
catalysts, such as alkanes to olefins and H2, have also received significant attention [222].
A primary challenge in this approach is developing catalysts that are resistant to coking
under extremely harsh conditions. Because the pressure in the fuel lines is high (e.g. ~50
bar), high equilibrium conversions are only achievable if the products are aromatic
compounds. Finally, there has been a great deal of work on acid-catalyzed cracking
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[131,221,223–226]. In principle, alkane cracking can be endothermic, depending on the
product distribution; however, recent work from our group [227] and Huang et al. [228]
both suggested that hydride-transfer reactions can cause the overall reactions to be
thermoneutral, or even exothermic. Adding a component to enhance aromatics formation
(e.g. Addition of Zn or Ga to an acidic zeolite [131]) improves the endothermicity but
only modestly.
Another approach involves using a specifically designed fuel that allows
endothermic reactions to be carried out more easily. This is the idea behind using a
dehydrogenation catalyst with fuels such as decalin or methylcyclohexane (MCH) [218].
These molecules form aromatic compounds more easily but catalyst coking is still a
challenge. In the present work, we propose using hydrocarbon fuels that have a functional
group that reacts easily to form endothermic products. In a recent adsorption study, it was
shown that alkylamines dehydrogenate easily on a simple zirconia catalyst to form
nitriles and H2 [133]. For 1-propanamine, the reaction to form propionitrile and H2 is
endothermic by +118.9 kJ mol-1 at 773 K, corresponding to a chemical heat sink of 2012
kJ per kilogram 1-propanamine reacted.
The present work set out to test the feasibility of using alkylamines as
endothermic fuels in combination with a zirconia catalyst. At higher pressures and
temperatures, the product distribution becomes complex; however, endothermicities of
well over 1000 kJ kg-1 were achieved with 1-propanamine. Furthermore, the zirconia

116

catalyst was shown to be very stable. Suggestions for how this approach might be used in
a more practical setting are suggested.

6.2 Experimental
6.2.1 Catalyst Preparation and Characterization
The ZrO2 used as a catalyst in the present study was prepared by simply calcining
ZrO(NO3)2·xH2O (99%, Sigma Aldrich) in a muffle furnace at 600 °C for 20 h. X-ray
diffraction (XRD) of the resulting powdered showed the structure of the ZrO2 was almost
purely monoclinic [130] and BET measurements indicated it had a surface area of 45 m2
g-1. For reaction measurements, the ZrO2 powder was pressed into wafers, broken into
smaller pieces, and then sieved to have particle dimensions less than about 0.35 mm.
Temperature Programmed Desorption (TPD) measurements were performed in an
evacuated microbalance system, equipped with an SRI quadrupole mass spectrometer
(RGA100) that is described in more detail elsewhere [229]. For the present experiments,
the 50-mg sample was held at 823 K in vacuo before exposing it to vapor from 1propanamine (99+%, Acros) at room temperature. After evacuation, TPD measurements
were performed with a temperature ramp of 10 K min-1, while monitoring the mass
spectra from 2 to 100 amu.
Steady-state reaction measurements were performed at 1 bar in a tubular flow
reactor, which was a 200-mm long, 4.6-mm ID stainless-steel tube packed with 120 mg
of catalyst. The reaction was carried out with 1.0 mol. % 1-propanamine, introduced by a
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syringe pump into flowing He. The total flow rate was maintained at 30 mL min-1. The
condensable products were trapped in an ice bath and analyzed using a GC-MS (QP5000, Shimadzu) for product analysis.

6.2.2 High-Pressure Reactivity and Calorimetry Measurements
To investigate the endothermicity of 1-propanamine dehydrogenation at high
pressure (60 bar), a reactor based on the design of Yeh et al. [227] was used. A schematic
of this reactor system is shown in Figure 6.1.

Figure 6.1. Schematic diagram of the reaction system
The system consisted of a high-pressure liquid chromatography pump (HPLC
pump, Series III, Scientific Systems Inc.) to feed the liquid alkylamine into the reactor at
a controlled flow rate, followed by a preheat furnace to bring the feed close to the
reaction temperature and a separate reactor furnace to bring the feed to the reaction
temperature. The reactor itself was a 100-mm long, 7.8-mm I.D. stainless-steel tube
packed with 500 mg of catalyst. Thermocouples were used to measure the temperatures
of the feed leaving the preheater (T1 in Figure 6.1) and of the catalyst bed (T2). The
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pressure in the system was controlled using a control valve at the exit from the system.
Finally, the effluent from the system passed through a trap held at 373 K in order to
condense high molecular-weight molecules before sending gaseous products to an online
GC (Buck Scientific, Model 310, HP-INNOWAX capillary column) for product analysis.
We were not able to analyze the high-molecular-weight products that remained in the
trap.
To allow the system to be used as a flow calorimeter, the tubular reactor was
wrapped with a nichrome-wire, resistive heating element which was used to keep the
reactor at a constant temperature. At steady state, the energy supplied to maintain the
reactor temperature can be equated to the heat taken up by the fuel. The accuracy of the
heat-flow measurements was established by measuring the energy required to heat nhexane at 60 bar from 673 K to either 723, 773, or 823 K in an empty reactor. In this set
of experiments, n-hexane was heated to 673 K in the preheater (T1) and the extra power
required to maintain the reactor temperature (T2) was measured as a function of n-hexane
flow rate. A simple energy balance indicates that the extra heat is given by Equation
���𝑝𝑝 is the average
(6.1), where 𝑄𝑄 is the measured heat, 𝑚𝑚̇ is the flow rate of n-hexane, and 𝐶𝐶

heat capacity over the temperature range.
���𝑝𝑝 (𝑇𝑇2 − 𝑇𝑇1 ) (6.1)
𝑄𝑄 = 𝑚𝑚̇ ∗ 𝐶𝐶

Data are shown in Figure 6.2 and demonstrate the expected linear relationship
between power and n-hexane flow rate. The average heat capacities calculated from the
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slopes of the lines are 285±20 J mol-1 K-1 for heating n-hexane from 673 K to 723 K,
294±15 J mol-1 K-1 for heating from 673 K to 773 K, and 280±15 mol-1 J K-1 for
heating from 673 K to 823 K. These are consistent with the averaged heat capacity of 279
J mol-1 K-1 reported by NIST for 1 bar and the temperature range of 673 to 723 K. Notice
that the heat capacity of 1-propanamine at 1 bar and 800 K is 189 J mol-1 K-1 [230], which
is nearly identical to that of n-hexane on a volumetric basis, 2.29 J ml-1 K-1 versus 2.25 J
ml-1 K-1. Therefore, the calibration in Figure 6.2 will apply to measurements with 1propanamine as well.

Figure 6.2. Power required to heat n-hexane from 673 K to three different temperatures
(723 K, 773 K, and 823 K), as a function of flow rate at 60 bar.
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6.3 Results
6.3.1 TPD
The original motivation for this study was based on an earlier TPD study in which
2-propanamine was used to characterize the acid sites on ZrO2 and ZrO2-supported WOx
[133]. In that work, it was observed that pure ZrO2 was able to dehydrogenate the amine,
forming H2, acetonitrile, a range of other products. Because a secondary amine cannot
form a nitrile without also breaking a C-C bond, the present work focused on the primary
alkylamine, 1-propanamine. The TPD results for 1-propanamine, measured in high vacuo
following room-temperature exposure of the sample to 1-propanamine vapor, are shown
in Figure 6.3. The primary desorbing species were unreacted 1-propanamine which
desorbed in a broad feature between 300 K and 600 K, H2 which desorbed in a narrow
peak centered at 600 K, and propionitrile which was produced at 620 K. Some CO2 was
produced above 700 K (not shown) but no other major products were observed.
Subsequent TPD measurements on this sample were identical, implying that there was no
residue remaining after the desorption measurement.
CH3CH2CH2NH2 → CH3CH2C≡N + 2H2.

(6.2)

The fact that H2 and propionitrile evolve at nearly the same temperatures suggests
that they are formed simultaneously by the surface decomposition of the alkylamine. The
small shift to higher temperatures observed for propionitrile is likely due to readsorption
effects that occur when desorption occurs from a porous material [231].
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Figure 6.3. TPD data of 1-propanamine over ZrO2. The desorption peaks correspond to
hydrogen (m/e = 2), propionitrile (m/e = 54, peak intensity amplified by a factor of 10)
and unreacted 1-propanamine (m/e = 30)

6.3.2 Reaction at 1 Bar
Prior to the high-pressure measurements, the reaction of 1-propanamine over the
ZrO2 catalyst was investigated at atmospheric pressure and temperatures of 723 K and
773 K in order to determine whether the reaction observed in TPD would translate into a
steady-state reaction. The conversions were completely stable over the period of several
hours required to make the measurements. Because the GC-MS used for detecting
products could not measure H2 or other non-condensables, only products that are liquids
at 273 K were analyzed. Mass spectra data we used to identify the products are presented
as Figure 6.4 in the supplementary material. The product yields along with the overall
conversion and selectivity to propionitrile are presented in Table 6.1.
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Figure 6.4. Mass spectra we used to identify the products: (a) products at 450 °C; (b)
products at 500 °C
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Table 6.1 Reaction products for dehydrogenation of 1-propanamine reactions at 1 bar
1Temperature
Acetonitrile Propionitrile Conversion
propanamine
(K)
(mol. %)
(mol. %)
(%)
(mol. %)
723
773

27
6

3
6

69
88

73
94

Selectivity
to
Propionitrile
(%)
96
93

It is noteworthy that, under these lower-pressure conditions, we did not observe
any high-molecular-weight products. The only liquids observed leaving the reactor were
1-propanamine, acetonitrile, and propionitrile. As shown in the table, propionitrile was
the primary product with small amounts of acetonitrile also being produced. The
conversion of 1-propanamine approached 100% at 773 K and at both 723 and 773 K the
selectivity to propionitrile exceeded 90%. The production of a small amounts of
acetonitrile implies that other products must also form in the steady-state reaction. Since
we did not observe additional liquid-phase products and there was no evidence for
catalyst coking, we suggest that CH4 is likely formed in small quantities under these
conditions.

6.3.3 Reaction at 60 Bar
To investigate the feasibility of endothermic dehydrogenation as part of a cooling
strategy for hypersonic flight, reactivity and heat measurements were also made using the
ZrO2 catalyst for a reactor pressure of 60 bar, conditions more typical of that which
would be required in applications. For these experiments, pure 1-propanamine was fed to
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the system via the HPLC pump and preheated to 673 K before being admitted to the
reactor. Data was collected for reaction temperatures of 723 K, 773 K and 823 K and for
1-propanamine flowrates between 0.3 and 1.2 ml min-1.
The on-line GC was used to analyze the composition of the reactor effluent. At
723 K, only 1-propanamine, propionitrile, and acetonitrile were formed, with acetonitrile
and propionitrile formed in ratios consistent with the experiments performed at 1 bar (H2
was not detectable in the GC.). At the higher temperatures, propionitrile was still the
main product but we also observed formation of small quantities of dark liquids in the
373-K trap. These could not be analyzed with the GC. Since these liquid products were
also formed in measurements with an empty reactor at 773 K, they must be associated
with gas-phase pyrolysis, rather than reactions on the zirconia catalyst. It is noteworthy
that the 1-propanamine conversions remained steady over the course of several hours
required to make the measurements and there was no evidence for catalyst coking under
any of the conditions in this study. Therefore, we restricted our high-temperature reaction
measurements to determining the conversion of 1-propanamine. These are reported
inTable 6.2. As expected, the conversions decreased with increasing flow rate and
increased with higher reaction temperatures.
Table 6.2 Conversions and heat effects of dehydrogenation of 1-propanamine at 60 bar at
723 K, 773 K and 823 K
Flow rate (ml min-1)
WHSV, g 1-propanamine (g catalyst h)-1
723 K
Conversion (%)
Total heat of reaction (kJ kg-1)

0.3
6

0.6
13

0.9
19

1.2
26

23
474

14
288

9
186

6
118
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Normalized reaction heat (kJ kg-1)
773 K
Conversion (%)
Total heat of reaction (kJ kg-1)
Normalized reaction heat (kJ kg-1)
823 K
Conversion (%)
Total heat of reaction (kJ kg-1)
Normalized reaction heat (kJ kg-1)

2061

2057

2066

1967

78
930
1192

44
658
1495

25
411
1644

16
271
1694

98
1032
1053

71
1049
1477

57
880
1544

42
711
1693

The raw data for the heat measurements at each of the three reaction temperatures
are shown in Figure 6.5. In order to separate heats associated with the endothermic
reaction from the sensible heats required to raise the temperature of the feed to the
reaction temperature, we include the empty-tube data for n-hexane in each of the plots.
For example, in Figure Figure 6.5a), the dashed-line data reported as solid circles
corresponds to heating the feed from 673 K to 723 K, so that only heats above this line
correspond to energy taken up by the endothermic reaction. Under all conditions tested,
the total power required to maintain a constant reactor temperature with 1-propanamine
in the presence of a catalyst was significantly larger than the sensible heat required to
take the reactants from 673 K to the reaction temperature. In Table 6.2, we report this
added energy by subtracting the sensible heat from the total heat supplied to the reactant
stream, normalized to the amount of 1-propanamine fed to the system. To account for the
fact that 1-propanamine was not completely converted to products, we also report the
normalized reaction heats by dividing the total heat by the amount of 1-propanamine that
was converted.
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Figure 6.5. Power supplied to the heating coil to maintain the constant temperature of the
reactor, as a function of flow rate for 1-propanamine reacting over ZrO2 catalyst at 60 bar
at (a) 723 K, (b) 773 K and (c) 823 K
There are several interesting observations to take away from the data in Table 6.2.
First, the total heat uptakes due to reaction decrease with flow rates at each temperature.
This is due to the fact that conversion decreases with the reactor space time. More
interesting is the fact that, at 723 K, the normalized heats of reaction were roughly 2000
kJ kg-1 of 1-propanamine converted. This is very close to 2012 kJ kg-1, the standard heat
of Reaction (6.2) at 773 K. At the higher temperatures, the normalized heats decreased to
as low as approximately 1000 kJ kg-1, a value that is still very attractive for applications.
A calculation of total heat sink of the fuel (sensible heat plus endothermic effect) is
presented as Figure 6.6 in the supplementary material. Although temperature does seem
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to play a role in affecting the normalized heats of reaction, the decrease in the normalized
heats of reaction is primarily related to the conversion. For conversions below
approximately 15%, the normalized heats were roughly 2000 kJ kg-1. At higher
conversions, this value decreased.

Figure 6.6. Calculated total heat sink and measured heats in our experiments (red stars
identified by temperature and conversion)
The total heat sink in Figure 6.6 is a sum of the sensible heat and the endothermic
effect. The sensible heat is calculated based on the heat capacity values we measured in
the present work. The endothermic effect is evaluated according to the equilibrium
content of the dehydrogenation of 1-propionitrile (Reaction [6.2]).
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According to the criteria proposed by Lander et al [218], the total heat sink of 1propionitrile is sufficient to cool a hypersonic aircraft flying at Ma 5. Its endothermicity
is larger than that of hydrocarbon fuels reported by Huang et al [219]. The endothermic
effect of dehydrogenation also emerges at a lower temperature.
The Endothermicity measured in the experiments, as identified by the red stars, is
somewhat smaller than the values calculated from equilibrium. One reason for this
difference is that the reactions in our experiment did not reach the equilibrium state at
450 °C or 500 °C. Specifically, conversion of 1-propanamine at 450 °C was 23%, under a
flowrate of 0.3 ml min-1, but conversion at the equilibrium state of this temperature is
73%. Similarly, conversion at 500 °C was only about 78 % in the experiment, but could
be as high as 90 % at equilibrium conversions. The other reason is that addition products
were formed at higher temperatures and formation of these high-molecular-weight
product could be exothermic.
The decrease in normalized heats are almost certainly associated with a change in
the products that are formed. As reported previously in the studies of alkane cracking, the
reaction endothermicity is a strong function of the product distribution [131,227]. The
reactions that lead to the dark-colored liquids are likely exothermic.
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Figure 6.7. Normalized reaction heat and as a function of conversion

6.4 Discussion
The ability to provide cooling for critical components in hypersonic aircraft is
critically important. As discussed in the Introduction, important challenges remain for
solving this problem. Obviously, it would be better if endothermic reforming reactions
could be carried out on a more traditional aviation fuel but specialized, and even
cryogenic, fuels have been considered in the past. In the present study, we have presented
the alternative approach of using a sacrificial functional group to the hydrocarbon fuel in
order to allow an endothermic reaction to occur. We have demonstrated this for 1propanamine but it is almost certain that the concept can be applied to other amines and
possibly to other functional groups.
While we used 1-propanamine for demonstration purposes, it should be possible
to achieve similar endothermic heats with higher-molecular-weight fuels. For example,
one could consider using larger hydrocarbons with multiple amine groups. Also, because
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the endothermicity of the amine dehydrogenation reaction is so high, it may even be
possible to dilute the amines in more traditional fuel.
There are several interesting aspects to the amine-dehydrogenation reaction in
comparison to other endothermic reactions. Unlike dehydrogenation of alkanes,
equilibrium considerations are not important. The equilibrium constant for Reaction (6.2)
under 60 bar at 773 K is around 7400, compared to a value of 0.05 for dehydrogenation
of n-hexane to hexene under the same reaction conditions. One mole of reactant also
produces two moles of H2, a desirable product. Compared to the precious metals typically
used as catalysts for dehydrogenation of alkanes, the zirconia catalyst used in amine
dehydrogenation is inexpensive and very stable. Zirconia is not likely to catalyze other
undesirable reactions or be affected by impurities in the fuel.
The temperature at which one can access the heat sink capabilities with amines is
also relatively low. For example, Huang et al. [219] reported endothermic heats for the
gas-phase pyrolysis reactions with aviation fuels and achieved heats of reaction that
approached 1000 kJ kg-1. However, temperatures in excess of 1250 K were necessary to
approach these values and endothermic reactions were negligible below 1100 K.
Removing heat at lower temperatures could have advantages. Depending on how and
where one places the catalyst, it may possible to combine the effects of free-radical
reactions [232] and the dehydrogenation of amines in different zones.
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What we have tried to show in this work is that there may be alternative ways for
using fuels as heat sinks. Obviously, much additional work would be required to make
this approach practical.

6.5 Conclusion
The use of hydrocarbons with sacrificial functional groups is discussed for
application to endothermic reforming in hypersonic aircraft. Dehydrogenation of 1propanamine to H2 and propionitrile is shown to occur easily over a simple ZrO2 catalyst.
The reaction is endothermic by as much as 2000 kJ kg-1 and could find application for
cooling of hypersonic aircraft. The ZrO2 catalyst is stable at temperatures up to at least
823 K, although side reactions at the higher temperatures decrease the endothermicity.
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Chapter 7. Conclusion
This thesis focuses on different catalytic processes involved in biomass
upgrading, including 1) dehydrogenation reaction to produce reducing reagent H2 to
remove excess oxygen content; 2) hydrodeoxygenation reaction to remove the oxygen
atom of aromatic oxygenates; and 3) aldol condensation reaction for C-C coupling to
increase the carbon chain length of biomass-derived molecules. Besides identifying the
proper catalysts, the thesis also provides insights into the reaction mechanism and
structure-activity relationship. These contributions should aid in the development of
commercial catalysts for biomass upgrading.
The work in Chapter 3 demonstrated the capability of atomic layer deposition
(ALD) to prepare single-atom catalysts. Isolated Co (II) atoms were deposited on the
SiO2, which was shown to be active for ethane dehydrogenation to ethene with greater
than 96% selectivity. On the contrary, Co3O4, prepared by conventional incipient
wetness, was not suitable for ethane to ethene with less than 20% selectivity. UV-Vis
characterization confirms the existence of dispersed single-site Co2+ ions as the active site
and the ability of ALD to prepare single-atom catalysts. CO2 as an oxidant was co-fed to
remove the coke in-situ, but it could not react with the H2 to serve as an oxidant for
oxidative dehydrogenation. Isolated Co atoms on other supports, such as Al2O3 and
MgAl2O4, showed reasonable selectivity > 75%, which were better than the bulk cobalt
oxides, but not as effective as the ones on SiO2. This indicates that the effect of support is
important for single-atom catalysts.
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Chapter 4 discussed the results for selective HDO reactions of m-cresol, a model
compound for the lignin fractions of biomass. Previous studies in our lab showed that the
metal oxide overlayer on noble metal could be active and selective for the aryl C-O bond
scission. [54–56,59] Rather than depositing the metal oxide thin on the noble metal by
impregnation or ALD, the metal oxide NbOx over Pt was prepared by the strong metalsupport interaction (SMSI). Under high temperature reduction, Nb2O5 beneath the Pt
nanoparticle could encapsulate the nanoparticle due to SMSI, forming a monolayer of
NbOx, which was shown to be active for HDO of m-cresol to toluene with almost 100%
selectivity. Pt in the SMSI state is more active, selective, and stable than the Pt or Pt in
the non-SMSI state. This work confirms that the metal oxide overlayer being partially
reduced by Pt is the active site. Pt/TiO2 showed catalytic improvement but not as
effective as Pt/Nb2O5 counterpart. The SMSI effect could also serve as a simple and
economical tool to prepare the catalysts with a well-defined metal oxide overlayer
structure for biomass upgrading.
In Chapter 5, the carbon-carbon coupling through aldol condensation was
conducted on solid base catalysts for increasing the carbon chain length of furfural, a
platform molecule derived from hemicelluloses. High surface area solid base catalyst
CaO/MgAl2O4 were prepared by either incipient wetness or ALD of CaO on MgAl2O4.
Various ketones were used to react with furfural on CaO/MgAl2O4, with a yield over
93% to C13 when acetone was used as the reactant. When longer ketones were used, the
rate of aldol condensation was lower and the Cannizzaro reaction started to override the
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aldol condensation, leading to a lower yield of the carbon-carbon coupling products. The
aldol condensation rate is mainly governed by the position of the carbonyl functional
group, where the ketones with the carbonyl group closer to the carbon chain ends have
higher aldol condensation rates. The deactivation of CaO/MgAl2O4 was due to the 2furoic acid, which was formed in the Cannizzaro reaction. This acid irreversibly adsorbed
onto the basic sites and hindered further reactions.
In addition to biomass conversion, Chapter 6 reported the study on high-pressure
dehydrogenation of 1-propanamine over zirconia for cooling aircraft engines.
Dehydrogenation reaction is highly endothermic and could be utilized to design novel jet
fuel to take up the heat. By decorating the fuel molecules with amine functional groups,
the heat uptake from the dehydrogenation reaction could be as large as 2000 kJ kg−1 of
fuel reacted. Simple zirconia was shown to be a selective, active, and stable catalyst to
convert amines to nitriles.
In conclusion, the work in this thesis showed different strategies to upgrade
biomass using doped oxides and metal oxide inverse catalyst with mechanisms discussed.
Ideas behind this thesis could provide guidance for future biomass upgrading catalysts.
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